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Preface 

The purposes of this book are twofold: first, to serve primarily as 
a college text for senior and graduate study; and second, to serve as a 
reference for the practicing engineer. The theoretical portions of the 
text assume that the reader has studied physics and mathematics, and 
one chapter contains a review of basic thermodynamics. However, 
several chapters are devoted primarily to refrigeration applications, 
and to understand them does not require an extensive theoretical 
background. 

As a text, the book is designed for a comprehensive course in 
refrigeration and air conditioning. It may be adapted to com¬ 
bination courses in refrigeration and air conditioning, in which case 
portions of the text on advanced refrigeration topics may be omitted 
if time is limited. It may also be used for courses exclusively in 
refrigeration, where the student has previously studied the subject of 
air conditioning. In this case, those portions on air conditioning may 
be omitted. 

The first chapter of the book attempts to instill in the reader an 
appreciation for the exceedingly interesting history of refrigeration and to 
arouse his interest in some of the vast potentialities that exist for future 
development. The broad aspects of the subject having been surveyed, 
the student is then introduced in the second chapter to the various cycles 
and processes to be studied analytically later in the text. This is done 
by means of a series of “sequence” drawings that portray qualitative 
explanations of the basic refrigeration cycles. Following this, a review 
of basic thermodynamics is presented in the third chapter. These three 
chapters may be considered as an introduction to the main portions of the 
text. 

The authors recognize that because of the necessarily broad scope of 
the subject matter which must be contained in a text on refrigeration, 
the order of chapter arrangement may not be completely agreeable to all 
instructors. A specific attempt has been made not to segregate theory, 
application, and equipment into separate sections. Therefore, descrip¬ 
tive material on equipment follows closely after the presentation of theory 
applied to such equipment. Specialized advanced topics of refrigeration 
are placed toward the end of the text, and the chapters on applications 
are placed at the very end. For those who would prefer to segregate the 
fundamental theory and applications in that order, the following outline 
is suggested: 
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Section I—General: 

Chapter 1—The History of Refrigeration 
Chapter 2—Basic Refrigeration Cycles and Concepts 

Section II—Fundamental Theory: 

Chapter 3—Review of Thermodynamics 
Chapter 8—Fluid Flow and Heat Transfer 
Chapter 9—Psychrometrics 

Section III—Refrigeration Theory: 

Chapter 4—Thermodynamics of Vapor Refrigeration 
Chapter 5—Refrigerants 

Chapter 15—Absorption Refrigeration and Chemical Dehumidifi¬ 
cation 

Chapter 6—Air-Cycle, Ejector, and Centrifugal Refrigeration, and 
the Heat Pump 

Chapter 13—Multiple Evaporator and Compressor Systems 
Chapter 10—Cooling-Load Calculations 
Chapter 16—Low-Temperature Refrigeration 

Section IV—Equipment: 

Chapter 7—Compression Refrigeration Machines 
Chapter 11—Condensers and Evaporators 
Chapter 12—Refrigeration Piping 
Chapter 14—Refrigeration Control 

Section V—Applications: 

Chapter 17—Applications of Refrigeration 
Chapter 18—Air Conditioning 
Chapter 19—Food Preservation 

As an aid to both the student and the practicing engineer, extensive 
documentation by means of footnotes has been provided. In addition, 
at the end of each chapter a Bibliography has been included, indicating 
where more complete information may be found. An extensive set of 
problems, graded in difficulty, has been provided at the end of most 
chapters. Many of the answers to the problems are provided in the 
section immediately following the Appendix. 

The authors are indebted to Mr. Charles S. Leopold and to his 
assistants, Mr. Frank Wilder and Mr. James Wolff, for their review and 
helpful criticism of the entire manuscript; and to Dr. Newman Hall for 
his suggestions on the chapters on thermodynamics and low-temperature 
refrigeration. In addition, the authors wish to thank the staff members 
of the American Society of Refrigerating Engineers and The American 
Society of Heating and Ventilating Engineers, and the various publishers. 
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manufacturers, distributors, and other organizations which, as indicated 
in the text, have granted us permission to reproduce figures and tables. 
Any errors pointed out or improvements suggested would be greatly 
appreciated by the authors so that appropriate changes may be incor¬ 
porated in future revisions. 

Richard C. Jordan 
Gayle B. Priester 

Minneapolis , Minn. f and Baltimore , Md. 
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PART I 


Introduction 




CHAPTER 1 


The History of Refrigeration 

1.1. Refrigeration by Natural Ice. In the early part of 1806 the brig 
Favorite slid into the harbor of St. Pierre, Martinique, with 130 tons of 
cake ice in her hold. This was probably the first large-scale commercial 
venture in the refrigeration field, and the owner of this cdtgo, Frederic 
Tudor, lost some $3500 on the venture. Since ice was unknown in 
Martinique and no storage facilities were available for its preservation, 
the financial loss w r ould have been much greater but for some quick think¬ 
ing on the part of the man later destined to become known as the Ice King. 
Through arrangements with one of the eating-house proprietors he con¬ 
cocted and introduced ice creams in the West Indies, where frozen 
desserts were virtually unknown. 

In later years, by the construction of an icehouse at St. Pierre and by 
the use of pine saw’dust as an insulation during the transportation of his 
ice cargoes, Tudor turned his idea into an extremely profitable business. 
He contracted for the cutting of ice in ponds and rivers throughout New 
England and shipped it throughout the world, not only to the West Indies 
and to the southern part of our own country but also to such faraw r ay 
places as South America, Persia, India, and the East Indies. In 1849 his 
cargoes totaled 150,000 tons of ice; by 1864 he w r as shipping to 53 ports 
in various parts of the world. The business he founded changed the 
lives and habits of people throughout the world, and the methods he 
used remained essentially the same until they were supplanted in the 
1880’s by the manufacture of artificial ice. 

Tudor’s ice empire was the first large-scale venture in refrigeration. 
Prior to his time ice was used in small quantities in many parts of the 
w r orld where available without transportation. In fact, refrigeration as 
an art had been know’n for thousands of years. In an ancient Chinese 
collection of poems, Shi Ching, there are references to the use of ice 
cellars in 1000 b.c. The Greeks and Romans are known to have con¬ 
structed snow r cellars in w’hich they stored tightly compressed snow and 
insulated it with grass, earth, and manure. Pliny the Elder w r rites of the 
ill effects of cooled drinks, and the emperor Nero is said to have invented 
cooling of beverages by placing their containers in snow’. The Indians, 
Egyptians, and Esthonians chilled w r ater and even produced ice by placing 
water in shallow, porous clay vessels, then leaving these overnight in holes 
in the ground. Radiation of heat to the colder interstellar space together 
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The earliest recorded patent for a refrigeration machine was issued in 
Great Britain in 1834 to Jacob Perkins, an American. This unit, shown 
in Fig. 1.2, consisted of a hand-operated compressor, a water-cooled con- 



BRITISH PATENT #6,662 
to 

JACOB PERKINS, GRANTED 1834. 

What I claim is an arrangement 
whereby I am enabled to use 
volatile fluids for the purpose 
of producing the cooling or 
freezing of fluids, and yet at 
the same time constantly con¬ 
densing such volatile fluids, 
and bringing them again and 
again into operation without 
waste. 


Fig. 1.2. The earliest recorded patent for a 
refrigeration machine, issued in Great Britain in 
1834. From “Some Interesting Refrigeration In¬ 
ventions,” by Robert A. O’Leary. Refrigerating 
Engineering, Vol. 42, No. 5, November, 1941. 

denser with a weighted valve at the discharge, and an evaporator con¬ 
tained in a liquid cooler. The unit was designed to be used with ether 
as the refrigerant. 

There were many other nineteenth-century pioneers in refrigeration. 
In 1851 Dr. John Gorrie of Florida obtained the first American patent 
for an ice machine, designed to use compressed air as the refrigerant. 
As a physician he was motivated by a desire to relieve the sufferings of 
fever patients and others exposed to high temperatures. Professor A. C. 
Twining of New Haven developed a sulfuric ether machine that preceded 
Gorrie’s; however, he failed to have it patented in the United States until 
1853. Dr. James Harrison of Australia also developed a sulfuric ether 
machine and in 1860 made the world’s first installation of refrigerating 
equipment in a brewery. In 1861 Dr. Alexander Kirk of England con- 
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nance of a temperature bordering upon the freezing point. The confectioner 
has no other practical means of producing a degree of cold from —12° to —18°, as 
required in the preparation of ice creams. The physician often employs the 
cold of ice both externally and internally as an absolutely indispensable remedy. 
The butcher and the hotel keeper can scarcely dispense with this means of pre¬ 
serving meat. In the domestic sphere ice 
has become formally established, at least in 
large cities, where it can always be obtained 
at a cheap rate, and to those who have 
become accustomed to its use, it appears a 
necessary agent for preserving food and cool¬ 
ing beverages during the warm season. In 
chemical manufacturers ice has also found 
various applications in the crystallization of 
salts, or, to speak in more general terms, in 
the separation of dissolved substances by 
means of cold. In proportion to the growing 
consumption, we see increasing quantities of 
ice stored up every winter. An extensive 
system of transportation has been arranged 
for conveying ice from the more northern and 
colder parts of this earth to regions near the 
equator. North America especially ships ice 
in astonishing quantities in all directions, even 
to Central and South America, to the West 
Indies and to India. Ice from Norway is 
sent to England and the German ports on 
i h 0 e *0/^ Sea In mild seasons such as pj g 14 James Harrison’s 
1862-63 and 1872-73, ice from glaciers of sulfuric ether machine, with steam 
the Alps was sent down the Rhine in entire engine, 1859. Courtesy Ice and 
trains. Refrigeration. 

Science has shown, however, how to pre¬ 
pare the important requisite artificially. The first attempts at the manufacture 
of ice on the large scale took place between 1850-60; but this branch of industry 
has since been much extended. Even in regions where the winter is, as a rule, 
cold enough to permit ice to be stored up in quantity, e.g., in Germany, it 
has often been found remunerative to construct machinery for its artificial 
preparation, or in general terms, for the production of cold. Manufacturing 
establishments of this kind may be seen in various places in full activity, and 
after the mild winter of 1872-73, the demand for machine-made ice could scarcely 
be met. * 

Although it is evident that by this time applications of refrigeration 
were finding their way into the daily lives of the people, there were still 
some reputable engineers who were not enthusiastic about the future of 
mechanical refrigeration. In 1877 Dr. A. W. Hoffman* wrote: 

Ice machines, however they may be eventually improved and their effect 
increased, will never, in the more northern parts of the temperate zone, where a 

* A. W. Hoffman, “On the Development of the Chemical Art During the Last Ten 
Years.” Journal Franklin Institute, Vol. 102 (1877), p. 135. 
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discuss overproduction ift fjseir fieSd- 
They seemed to feel thiti tlie Bbihi- 
tion \v»s through consolidation, with 
t wo large firms dividing the country. 

The recently proposed Sherman Act, 
however, required that they proceed 
With caution, HoWeyer, the whole 
scheme was abandPted diifingf the 
following winter, when ati ice-crop 
failure threw production back into 
high gear/ -/ 

By 1900 a cqtrSjdembl* portion of 
the industtH/s .iRtlvifYwas rfonshhtfed 
in the conversion from natural to 
artificial iot^ ahiuaigh a batHeover 
the relative merits of these two prod¬ 
ucts raged for phot her 15 years. In 
t he early lM^iS v^y'pB^detThatH^ 
teen froaeRi' nature or 

otherwise, was enn^tdered damaged 
tevond repzdi:.., ;. A Brooklyn bakery 
was ■ virtually - rivined: by pUblppty> 
over its alleged use of frosen eggs 
in cake. L-cgistation threateted' fte 
very existence of c? >kl-st onige ware¬ 
houses; iiunnui feihargy was a# 
difficult to overcome in tbuSo days 
as it is now, ;//.'^v/, 

Cpjh^reasiors Were : Still driven by 

steam the turn of the century, 
apd thfe operating .speeds of large 
UfiltW Were kept well; within 50 rpm. 

The h)fge size pT these old units is 
probably as impressiveas any single- 
feature. Figure l .T shovvsa 220-ton 1 ; 

De ha Vcrgue j^SlgerafhrRniaehme:, 
qf about 1890/ Figure:I3ihust^t^ : . 
a 4-ton ammonui al)S«»fpjSph : Sy^thm,, 
and Fig. TO illustrates. one of, thy 
first domestic refrigerating units/ 

Here the motive power was supplied by a hot-air motor or Water turbine. 

the removal of heat at the rate of 12,000 Btu, 


Fig. 1.6 isome early compressors 
injected (he lubricant directly into tile. 
<• yhnd.-r pt end nf return stroke 
Tims, oil noted as n cooling medium m 
addition to it- normal functions nl hde-i- 
c*it]6u a r»d of *ea!ing valves and piftfon 
rod?*. WV*Mlr«t from a Tie La Vergne 
eaUil.tW, 1890. (fovirtosW Frick Oj. 


defined 


* A ton nf refrigeration is 
per hour (see §2.2) 
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1*3. Refrigeration Early in tie Twentieth Century 


The lieiVigera- 

Machinery Associat ion was formed in 1903 and the. American Soeiet \ 
of R^frtg^ratiijg.i&gineen?-in 1904. At this time ice-cream manufacture 
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evaporators at different pressures could be drawn in and compressed in a 
single cylinder. It is interesting to note that about 40 years later the 
development of a practical means for the adoption of this patent was just 
starting. A 450-ton cooling system for air conditioning the New York 
Stock Exchange had been installed by 1904, and a similar comfort cool¬ 
ing system was installed in a 


purchased by the very 
Even as late as 1919 a discussion 
between various members of the 
American Society of Refriger¬ 
ating Engineers concluded that 
household units had few if any 
possibilities. 

If there is a lesson to be gained in reviewing the history of an industry 
such as refrigeration, it is through analyzing in retrospect the heated 
scientific arguments of former years. No longer do we find that, as in the 
1890’s, soda water and ice cream form an excellent subject for Sunday 
sermons,* that cold storage and artificial ice are unhealthful, or that 


Fig. 1.8. An early four-ton ammonia- 
absorption machine. From “ Refriger¬ 
ation in the Gav Nineties,” by David L. 
Fiske. Refrigerating Engineering, Vol. 40, 
No. 6. December, 1940. 


‘According to Stewart Holbrook, ‘‘In time soda water arid ice cream became 
excellent new menaces for the more excitable clergy. In the author's native town of 
Nevcport, Vermont, as late as 1890, a powerful sermon was preached against “suck¬ 
ing soda” and eating ice cream in drugstores on the Sabbath: and in certain Midwest 
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compressor speeds in excess of 100 rpm are well-nigh impossible. The 
rejection of a possible market for domestic refrigerating machines, and 


! I • tH-Vfc'-.f t i 

lo titb« r Inhi tD.ulum 
apart or (o jv-changc 
tlu cvdinch r. 


Hv«|uirt'S a yen small 
of pf»Wer 
to Tltll it.. V 


.s,yffiyknf or )kh\«o 
‘.up jilt it’d b> 
of an .elts'iek" 
iMpair ne'dor or 
H'■ water turbine. 


Fig. 1.9. Early domestic refrigeration units frequently used hot-air motors 
or water turbines. From “ Refrigeration in the (lay Nineties.” by David L. 
Fiske. Refrigerating Engineering, Vol. 40, No, 6, December, 1940. 


of even a widespread use of refrigeration at all in the northern section 
of the country, now seems ludicrous. Two-stage and three-stage corn- 


towns laws were passed against the abomination, and the selling of soda water on 
Sunday was prohibited.” Lost Mm of American History, New York: The Macmillan 
Company, 1946, p. 120. 
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pressors are not only acceptable but necessary for low-temperature 
refrigeration, and air conditioning is an accomplished art. 

1.4. The Industry Today. The prewar peak production year of the 
refrigeration and air conditioning industry was 1937. In the decade from 
1927 to 1937 the expansion in dollar values of products manufactured 
was approximately 100 per cent. The total sales of the refrigeration and 
air-conditioning industry in 1937 were $375,000,000. This may be 
compared with figures in the same year of $718,000,000 for the heating- 
and plumbing-equipment industry and $5,293,000,000 for the automobile 
industry. 

In 1940 the total installed capacity of refrigerating equipment 7 in this 
country was 6.8 million horsepower. If it is assumed that the various 
classifications of refrigerating equipment may be placed in four major 
divisions, then 39 per cent of this horsepower was for domestic refriger¬ 
ation, 11.2 per cent for commercial refrigeration, 33.8 per cent in indus¬ 
trial refrigeration, and 16 per cent in air conditioning. In comparison 
with these figures the 1940 total capacity of all machinery of all kinds in 
industrial establishments in the United States was 51 million horsepower. 

The expansion of the refrigeration industry in the last few years has 
been very great indeed. The world sales of household refrigerators in 
1933 were 881,000 units. In 1941 this had leaped to 3.5 million, or an 
increase of roughly 400 per cent. Toward the end of 1946 they were 
being produced at about this same rate. In 1939 over 31 million tons 
of manufactured ice was produced, and in the same year some 357 million 
pounds of dry ice was produced by 44 establishments in this country. In 
1940 approximately 14 million tons of food products was shipped via the 
railroads in refrigerator cars. In this same year there were 267 manu¬ 
facturers of air-conditioning equipment, and the value of their sales at 
factory prices was over $20,000,000. In 1941 there were 1879 cold- 
storage establishments in the United States, and 202 million pounds of 
quick-frozen fruits and 107 million pounds of quick-frozen vegetables 
were processed for consumption. Fifty thousand tons of frozen foods 
was shipped in refrigerated railroad cars in 1945 and it is predicted that 
50 per cent of all perishable foods will be preserved by freezing before 
1955. It is expected that the 5000 locker plants of 1943 will be increased 
to 20,000 by 1950. 

In the last few years new industrial refrigeration applications have 
opened a comparatively new field for controlled-temperature application. 
In many plants air conditioning and refrigeration have become essential 
in the manufacture of products from both a quantity and a quality 
standpoint. Increased production of blast furnaces, as high as 27 per 


T AU production and sales figures are from David L. Fiske, “The Demand for 
Refrigeration.” Refrigerating Engineering, Vol. 46, No. 5 (November, 1943), p. 321. 
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cent, has been obtained by dehumidification of the air charged to the 
furnaces. Certain synthetic rubbers cannot be produced without access 
to temperatures in the range of —100 F. Air conditioning has been found j 
useful in the manufacture of munitions, optical goods, plastics, textiles, I 
smokeless powders, watches and other delicate instruments, and radio 
and electrical equipment, to name only a few applications. Low-tem¬ 
perature refrigeration is now used to obtain expansion fits as a substitute 
for shrink-fitting of metal parts. The low-temperature treatment of 
metals is a field virtually unexplored; one application is in the chilling of 
aluminum rivets to control age-hardening. The simulation of strato¬ 
sphere conditions in the laboratory for the testing of all types of aircraft 
equipment, including the engines themselves, requires refrigeration at 
— 67 F. In the process industries, refrigeration is used to carry out such 
operations as the separation of crystals from solutions. For example, 
phenol is frequently crystallized by refrigeration, and one borax-manu¬ 
facturing plant alone requires several hundred tons of refrigeration for 
crystallization. 

Applications of refrigeration in the medical profession are increasing 
daily, not only in the preservation of certain products but also in the 
actual treatment of some physical ailments. The use of “cold anes¬ 
thesia” has shown great promise in the field of surgery. The manu¬ 
facture of penicillin requires refrigeration and the removal of moisture 
under high vacuum. The same process is required in the drying of blood 
plasma, and the preservation of the blood requires refrigeration before 
the drying is accomplished. The refrigerant Freon-12 is widely used 
as an aerosol for the dispersal of DDT, the insecticide. 

In the refrigerated foods industry developments are occurring so 
rapidly that it is difficult to keep abreast of them. Increased application 
of domestic refrigerators has been supplemented by the entirely new field 
of domestic low-temperature cabinets for the preparation and storage of 
frozen foods, both uncooked and precooked. Locker plants for the 
storage of frozen foods are becoming common in both rural and urban 
areas. Both low-temperature and high-temperature farm refrigeration 
form virtually a new outlet, following directly in the wake of rural 
electrification. Even the preservation of foods by dehydration requires, 
in many cases, that the products first be frozen and the moisture removed 
under high vacuum at low temperatures. The transportation of foods 
has received considerable attention in the last few years with new 
developments in the refrigeration of ships, railroad cars, and trucks. 

These are but a few of the widespread applications of refrigeration. 
Present-day refrigeration requirements involve the entire temperature 
scale, almost down to absolute zero, with the lower temperature applica¬ 
tions used in the laboratory for the study of basic thermodynamic and 
physical facts still incompletely understood. Many of these applications, 
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together with the design requirements for the equipment, are described 
in some detail in the later chapters of this text. 
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CHAPTER 2 


Basic Refrigeration Cycles and Concepts 

2.1. Introduction. In the artificial production of low temperatures 
ranging from the normal ambient-air temperature down to absolute zero, 
one or more refrigeration cycles or processes may be involved. For 
cooling in the temperature range down to —200 F, vapor-compression 
refrigeration using reciprocating , rotary, or centrifugal compressors may 
be used. For some applications within this band, air-cycle refrigeration, 
steam-jet refrigeration, or absorption refrigeration may be applied. Such 
systems are commonly used for the production of cold, and their cycles 
are introduced in this chapter. For the production of extremely low 
temperatures down to absolute zero, irreversible or reversible adiabatic 
expansion of a gas, vaporization of a liquefied gas, or magnetic cooling 
may be used. A study of these specialized and limited processes is 
deferred until later in the text. 

Although refrigeration is primarily an application of thermodynamics, 
many other phases of engineering are involved in the design, manufacture, 
application, and operation of refrigeration systems. Some knowledge 
of the chemistry of refrigerants is desirable in determining their reactions 
with metals and other materials with which they may come in contact. 
The thermodynamic properties of the refrigerants must be known before 
the cycle analyses can be made. A study of evaporators and condensers, 
those portions of the system used for the absorption and rejection of heat, 
respectively, involves the fields of heat transmission and fluid mechanics. 
In addition, steady state and, in some cases, periodic and transient heat 
transfer are involved in the determination of cooling-load requirements. 
The calculation of cooling loads also requires a knowledge of psychrom- 
etry. Fluid mechanics forms the basis for the sizing of the lines through 
which the gaseous and liquid refrigerants must flow. The design of 
reciprocating, rotary, or centrifugal compressors or of an air-cycle turbine 
involves a variety of machine design problems. The physical capacity 
of a compressor or expander will be determined from thermodynamic 
factors, but the physical design must also involve structural consider¬ 
ations. In the present chapter the basic refrigeration cycles and com¬ 
pressor modifications are introduced prior to their detailed analysis in 
subsequent chapters. 

2.2. Standard Rating of Refrigerating Machines. The standard unit 
used in the rating of refrigerating machines, condensing units, and other 
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parts of a refrigerating system is the ton of refrigeration, defined as the 
removal of heat at the rate of 12,000 Btu per hour or 200 Btu per minute. 
The ton-day of refrigeration, also sometimes used, is defined as the heat 
removed by a ton of refrigeration operating for one day, or 288,000 Btu. 
These somewhat ambiguous terms have their origin in the concept of the 
amount of heat absorbed by a ton of ice when melting from the solid to the 
liquid phase at 32 F. This derivation assumes a latent heat of ice of 
144 Btu per pound, whereas it is actually slightly less than this. How¬ 
ever, no error is introduced in the calculations, because the units are 
defined in terms of heat removal and are no longer associated with the 
melting of a definite weight of ice. 

2.3. Elementary Vapor-Compression Refrigeration Cycle with Recip¬ 
rocating Compressor. At atmospheric pressure, liquid ammonia evap¬ 
orates at — 28 F (saturation temperature corresponding to 14.7 pounds 
per square inch absolute pressure or psia), and under these conditions 
one pound of liquid ammonia in changing to vapor absorbs 589.3 Btu 
(latent heat of evaporation). Thus the simplest form of a vapor refriger¬ 
ation system consists of an open vessel containing a liquid refrigerant such 
as ammonia. The ammonia evaporates at temperatures below those 
surrounding the container and in so doing absorbs heat. However, such 
an uncontrolled refrigeration system is uneconomical, since the refrigerant 
is not recovered and the evaporating temperature is limited to that corre¬ 
sponding to the atmospheric pressure. Such systems are therefore never 
used commercially. 

With proper auxiliary equipment, however, the refrigerant can be 
recovered and reused in a cyclic process; moreover, the temperature of 
evaporation of the refrigerant can be controlled by controlling the pres¬ 
sure. Thus if liquid ammonia is maintained at a pressure of 30.42 psia, 
the saturation or evaporating temperature is 0 F, and the latent heat of 
vaporization is 568.9 Btu per pound; if the absolute pressure is 59.74 
psia, the evaporating temperature is 30 F, and the latent heat of vaporiza¬ 
tion is 544.8 Btu per pound. The refrigerant change from liquid to vapor 
or from vapor to liquid may be controlled by controlling the pressure of 
the refrigerant. If the ambient temperature surrounding the refrigerant 
and its container is above the saturation temperature corresponding to 
the refrigerant pressure, then evaporation, and consequently absorption 
of heat, takes place. If the refrigerant is already in the vapor state and 
if the temperature surrounding the refrigerant and its container is below 
the saturation temperature corresponding to the refrigerant pressure, 
condensation occurs. Other standard refrigerants serve as well as 
ammonia, and the pressure, volume, temperature, enthalpy, and entropy 
relationships may be determined from standard refrigerant tables. 

A complete vapor-compression refrigeration system requires an 
evaporator to contain the boiling liquid refrigerant, a compressor to pump 
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the refrigerant vapor from the low-pressure to the high-pressure side of 
the system and to control the pressure within the evaporator, and a 
condenser for removing the heat from the refrigerant gas so that it may 
be returned to liquid form. In addition a receiver for storing the liquid 
refrigerant under high pressure and an expansion valve for controlling 
the rate of flow of the liquid refrigerant between the high- and low-pressure 



Fig. 2.3. Fig. 2.4. 

sides of the system are needed. Such a system is shown in progressive 
stages of operation in Figs. 2.1 through 2.8. 

In Fig. 2.1 the high-pressure (154 psi gage) liquid ammonia is held 
in the receiver. Atmospheric pressure is assumed to be 14.7 psia. 

In Fig. 2.2 the liquid passes to the entrance of the expansion valve. 
The temperature of the liquid ammonia is 86 F, the saturation tempera¬ 
ture at 154 psi gage. 

In Fig. 2.3 the liquid refrigerant is throttled through the expansion 
valve into the evaporator. Here a low pressure of 19 psi gage is main¬ 
tained by operation of the compressor. The expansion valve shown is one 
in which the size of the needle opening is controlled by hand. In com¬ 
mercial operation, automatically controlled expansion valves are fre¬ 
quently used. 

In Fig. 2.4 the liquid ammonia is evaporated at a temperature of 
5 F corresponding to the evaporator pressure. The refrigerant is no 
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longer in a stable state, since, the objects surrounding the evaporator >»• '■ 
at h temperature higher than 5 F and thus supply the latent beat absorbed 
through the coil nails. 

; -;v In Fig. 2.5 ammonia V 4 p.br from the knv-preHsnre side of the system 
has been drawn into the compressor and dis*diitrge«:i into the ’high-pressure 
side. 


THE 6AS S 
COKjENSED 
TO UOIIID 
AMMOMa 


Pig. 2.7. Fig. 2.B. .. 

In Fig. 2.6 .the high-prexsure ammonia -gas is discharged into the rem- 
deriser Both the condenser and the evaporator slio-vn are simple but 
inefficient in design. More effective arrangements and designs lor these 
heat-transfer *d^R«#>atb , ab^«8siM. in 

In Fig. 2- V wa tei passing over tfie •■•anieE^f r'T oils removes first the 
heal ol then eopdbh^sij tfid the latent 

heat. Thy hedt b-roffved by the condenser ig yquul to fctskt absorbed in 
the evaporator plus the heat equivalent of the ^eprgy supplied to the 
vapor tlirbh^r i^M bdmpivs^^r '&y- V -B ■-ertv ; n^vc yyj-y-. : •*• or 


v>. : ‘ onl v .the action.'Of 


to the ree»dvc-r.v All processes occur siffibllatteolial 
the ; reciprocating Compressor, being intermi t lent in nppr&tiofi.; 

2.4. Elementary Vapor-Cosnpression Refngeration Cycle with HotaTy 
Compressor. Tlie. yapor-compressiori rpfrigeratlnh c^ek-'rtaa.,y.'1be' applied 
to forms of equipment other than those^ disetissbd it*§2.3, The cpm- 
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pressor need not be reciprocating, nor need the expansion device be an 
orifice with size controlled either by hand or automatically. The con¬ 
denser may be air-cooled as well as water-cooled, and the evaporator may 
be flooded with the liquid refrigerant. Such a modification with a 
rotary compressor, flooded evaporator, capillary expansion tube, and 
air-cooled condenser, all similar to those used in domestic refrigerators, 
is shown in progressive stages of operation in Figs. 2.9 through 2.14. 



Fig. 2.11. Fig. 2.12. 


In Fig. 2.9 the system is inoperative, with the liquid refrigerant 
stored in the evaporator, the capillary tube, and the condenser. Since 
the evaporator is at a lower temperature than the condenser, the greater 
part of the liquid refrigerant is stored in that portion of the system. The 
remaining space in the system contains gaseous refrigerant. Pressures 
in all parts of the system are equalized. 

In Fig. 2.10 the rotary compressor has started revolving, and some 
heat has entered the evaporator, releasing some low-pressure refrigerant 
vapor. The design of rotary compressor shown consists of an eccentric- 
driven rotor revolving within a closed housing and with a spring-operated 
sealing blade separating the suction and discharge passages. In the 
position of the rotor shown, the suction space between the eccentric and 
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the blade is very small, and the compression chamber volume is close to 
a maximum. 

In Fig. 2.11 the suction chamber has increased in volume, and the 
discharge chamber has decreased in volume. Compression of the 
gaseous refrigerant in the discharge chamber has progressed to a point 
where it is slightly higher than the condensing pressure, and the discharge 
valve has opened, permitting a flow of gas from the compressor to the 
condenser. 

In Fig. 2.12 continued movement of the rotor has increased the suc¬ 
tion space, thereby increasing the volume of the vapor charge from the 
evaporator. The discharge space has been further reduced, and flow 
of gas to the condenser continues. 



Fig. 2.13. Fig. 2.14. 


In Fig. 2.13 the rotor has progressed further. It is assumed that a 
sufficiently large number of rotor revolutions have occurred so that the 
charge of refrigerant entering the condenser has started to condense. 
The condenser is air-cooled and has finned exterior surfaces. Movement 
of air over the condenser may be by either gravity or forced convection. 

In Fig. 2.14 the compressor rotor is shown in the dead-center posi¬ 
tion, with all the compressed refrigerant discharged. The condenser 
pressure has closed the discharge valve, and it will remain in that position 
until another revolution compresses the next suction charge to the con¬ 
denser pressure. The flow of the liquid refrigerant from the condenser 
to the evaporator has started through the capillary tube. The restric¬ 
tion to flow caused by this small-bore tube is sufficient to allow the pres¬ 
sure in the condenser to build up*to the point where condensation can 
occur with air as the cooling medium. As liquid refrigerant passes 
through the capillary tube, a continuous drop in pressure occurs, with 
a partial flashing of the liquid to vapor. The amount of liquid flashed 
becomes progressively greater as the refrigerant travels through the tube 
and is a maximum at discharge into the evaporator. Here as much as 
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20 to 30 per cent of the liquid refrigerant may already be in gaseous form, 
dependent upon the drop in pressure from the condenser to the evaporator 
and upon the amount of liquid refrigerant subcooling that has occurred 
in the condenser. 

2.6. Elementary Vapor-Compression Refrigeration Cycle with Cen¬ 
trifugal Compressor. The vapor-compression refrigeration cycle may 
also be adapted to equipment designed for centrifugal compression of the 
refrigerant vapor. With such a system compression is accomplished 



Fig. 2.17. Fig. 2.18. 


through centrifugal force in a manner similar to that utilized in the 
i movement of air by a centrifugal blower. Since compression is not posi¬ 
tive, the pressure differential developed is low compared with that for 
reciprocating compressors. Therefore, refrigerants operating satisfac¬ 
torily with low compression ratios must be used. 

Centrifugal compression systems are usually designed with a condenser, 
evaporator, and compressor, all mounted on a single base. A secondary 
refrigerant such as a brine or water is used to convey heat from the point 
of the load to the evaporator. Progressive stages in the operation of a 
typical centrifugal refrigeration system are shown in Figs. 2.15 through 
2.19. 
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In Fig. 2.15 the system is inoperative, with the liquid refrigerant 
stored in the cooler or evaporator. The liquid refrigerant surrounds 
the cooler tubes, through which brine is circulated when the system is 
under load. 

In Fig. 2.16 the cooler is loaded through the circulation of brine from 
the point of the load to the cooler tubes. Heat is absorbed, and boiling 
of the liquid refrigerant occurs. The centrifugal compressor is started, 
thus removing refrigerant vapor from the cooler and at the same time 
evacuating the cooler to an evaporator pressure corresponding to the 
desired evaporator temperature. Refrigerant vapor is shown entering 
at the hub of the centrifugal compressor. 

In Fig. 2.17 refrigerant vapor has passed through the compressor and 
is shown entering the passageway leading to the condenser. Compres¬ 
sion of the refrigerant has occurred by virtue of the centrifugal force 
imparted to the vapor by passage 
through the compressor impeller . 
and by the additional velocity head 
imparted to the mass as it is car¬ 
ried in rotation by the whirling 
impeller. 

In Fig. 2.18 the gaseous refrig¬ 
erant has entered the condenser 
and surrounds the condenser tubes, 
through which cold water has start¬ 
ed to circulate. 

In Fig. 2.19 condensation of the 
refrigerant is occurring in the condenser, and the liquid flows by gravity 
to the cooler. A constant Jevel of the refrigerant in the cooler is main¬ 
tained by means of a floatwoperated valve. The system is now in com¬ 
plete and continuous operation. 

2.6. Elementary Ejector Refrigeration System. Another variation 
of the basic vapor-compression refrigeration cycle is obtained by using 
an ejector to remove the refrigerant vapors from the evaporator chamber 
and to control the evaporator pressure. In such a system the fluid 
used to operate the ejector is mixed with the evacuated refrigerant 
vapors, and hence the design is greatly simplified if the motive fluid 
used for operation of the ejector is the same as the refrigerant. Such 
a system, therefore, is inherently adaptable to the use of water as 
the refrigerant and steam as the ejector fluid, and when so designed is 
termed a steam-jet refrigeration system. The equipment required is an 
evaporator chamber, a primary steam ejector and one or two secondary ejec¬ 
tors, a primary condenser and one or two secondary condensers, and two 
liquid pumps. Such a system is shown in progressive stages of operation 
in Figs. 2.20 through 2.24. 
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In Fig. 2.20 the steam-jet refrigeration system is inoperative, with 
water stored in the evaporator but not circulating through it. 

In Fig. 2.21 steam at high velocity passes through the primary nozzle 
and through the ejector venturi leading to the primary condenser. Any 
vapors in the evaporator are entrained with the primary steam jet, and 
a vacuum is pulled upon the evaporator chamber. For efficient operation 
the motive steam must be supplied at approximately 100 to 150 psia. 



Fig. 2.20. Fig. 2.21. 

In Fig. 2.22 water, acting as both a primary and a secondary refrig¬ 
erant, is circulated through the evaporator or flash chamber. The water 
returned from the point of the refrigeration load is sprayed through noz¬ 
zles into the flash chamber in order to provide exposure of the maximum 
surface area for rapid evaporation. The evaporated water passes through 

eliminator plates for removal of any 
entrained liquid and hence into the 
primary ejector stream. The ejec¬ 
tor is capable of a compression 
ratio of approximately 8 to 1. 
Therefore, if the evaporator pres¬ 
sure is 0.25 in. of mercury absolute 
(corresponding to a 40 F evapora¬ 
tion temperature), the pressure in 
the primary condenser will be 
approximately 2 in. of mercury ab¬ 
solute. Refrigeration is accom¬ 
plished by the flashing of a portion of the circulated water to water 
vapor, with the latent heat of vaporization absorbed from the remaining 
mass of water. Thus the water leaving the evaporator is several degrees 
lower in temperature than that entering and may therefore be used for 
refrigeration. Make-up water is added to the system to take the place 
of the vapors flashed and removed from the evaporator. 

In Fig. 2.23 the motive steam, together with the flashed water vapor, 
has entered the primary condenser. Condenser cooling water is also 
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flowing, and both the motive steam and the flashed vapor are recovered 
bv condensation. Since this water is at a Ion- pressure (2 in. mercury 
absdhrte), it is returpe<i by forced circulation to. the boiler sopplving the 
motive steam. 

In Fig. 2,24 the secondary condensers and ejectors are placed in opera¬ 
tion; Tbetebeimbh’, ountorudensed vapors and gase* k* be removed from 

the primary condemor and, by two successive ddagyR do be raised to 

atmospberk* pressure. The noncondensible gases arc discharged to the 
atmosphere from the .final condenser. The system is npW in complete 
and continuous operation. 




2-7. Elementary Air-Cycle Refrigeration System The air-cycle 
rcPdgeralirm system is uoitpie in that it is the only cooling process ever 
used widely in commercial -upplu-uikm in which the refrigerant remains 
gaseous throughout idle cygfjp.,cost and completely, 
safe, it ia used as the refrigerant. Art ait-eycie svstem may r be eivher open 
or closed. In a idrised sysfera the 

and component parts of theSystenithe open system the 
air is expanded directly into the«$ar$ be cutilnd, allowed to circulate 
throughout the cooler, and is then refUrriied^ to fbe cothprcisSoir tijf start 
another cycle.. Air-cycle refrigeration systems as originally designed and 
insttidled arc-now ; practicaJly obsrdetc because of their inherently high 
finj'sepower ttwifiiretnertts. Hf>wever*rnodeiti adaptations to aircraft 
refrigemtHiu 'have proved to be desirable bweuu-se of . the low :weight 
and volume of iheeijuipment and* he ability of the system !.outilize the 
Available gabtiWur su pinch* rgrng system, .'AAy.y.. <;?AV 

An airccycleiefrigc rati on system requires ffixmpnsmr. a. cooler, an 
expander^ -$x^\&-reJrigcm(or. Because the refrigerant remains in the 
gaseous stateat all tiroes, the terms J v&btvdenser' ! and '‘evaporator ’’ have 
no true meaning and am replaced by “coolerand < 'rtd'ngcrati>r> M respec¬ 
tively. Figures 2.25 through 2.29 sfmry progressfVrt afaiges hr dpera- 
tion of an dementary air-cycle refrigeration system. 




t •y.lf 


y i*‘> ! ^ 
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In Fig. 2.25 an inoperative closed air-cycle system is shown. The 
compressor is a conventional reciprocating single-acting compressor with 
spring-actuated poppet valves, and the expander is of similar design. 
Both compressor and expander are attached to a common reciprocating 
shaft connected to an outside source of power, which may be a steam, 
electric, or internal-combustion engine. 




In Fig. 2.26 external power is applied to the reciprocating shaft, and 
a charge of air is drawn into the compressor. At the same time the charge 
of air already in the expander cylinder is exhausted through a discharge 
valve to the refrigerator. 

In Fig. 2.27 the compressor charge is compressed and discharged to 
the cooler. At the same time a charge of compressed air from the cooler 
is allowed to pass into the expander cylinder, and the work of expansion 
is recovered and aids in operation of the compressor. After the system 
has been in operation for a short time, the cooler will be charged with 
compressed air at pressures of approximately 150 to 200 psia. The refrig¬ 
erator will be charged with air expanded from high to low r pressure and 
at a pressure of approximately 15 to 30 psia. Thus the section of the 
system from the pressure discharge valve through the cooler and to the 
entrance of the expander will be under high pressure, and the section 
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Tran* the discharge. of the expander through the refrigerator and, to the 
■eh trailed of the compressor will blunder low pressuie 

hi Fig. 2.28 the compressor and expander valves are again shown in 
the aame positions FigcikSfi. Wafer is no>r flowing tffrdugb the pooler 
to retrnwe the Se.nsil>ie1*eat resitlting from compression pf the air The 
compressed air leaving the cooler and entering the expander will he at 
temperatures, of about 70 F. 

In Fig. 2.2h the compressor and vaf^i positions duplicate 

those of Fig. 2.27. The approximately uaUitretpie expansion Of the com- 
jpreased air in to the refrigerator trill 
result of 

Willi the tjis- 
eharged. air in some vctiSes as knv as 
— 100 '$;...Frost^ forrmiticiiDiH have 
now appeared. on the refrigerator 
ccitfet and thF system is in complete 
H»d eortfinhotis dpenttion. 

2.8. Elementary Absorption Re- 
frigeration Cycle. In an absorption 
refrigeration cycle the compressor 
is replaced by an df>sorhcr and a y ’**- ~ *' ,K 

getwmtor. ;■ The ay stem ope rules essentially upon the standard vapor- 
compression refrigeration cycle v hut a Htrondary fluid is intr<*di,ieed in< 
eoidition to the refrigeraiit. In an flbsorbiivj chamber the refrigerant vapor 
from the evaporattH* eontes in contact with arid is absorbed by this seedh- 
•iary fluid »»jr idbsorbent. This strong absorijcnt (high in concent ration Of 
absorbed refrigerant) is then -transferred .*<'«' the generator, where heat is 
applied, and the refrigerant vapor is driven off and into the condenser at 
high pressure. The resulting wafe absorbent (weak in concentration of 
refrigerant) is then returned to the absorbejy where the cycle is repeated. 
Figures -2J3h through '2.84 present, progressiye stages in the development, 
of an absorpt ion refrigeration system.. 

In Fig. 2.30 the simfdest forin of refrigeration by evaporation is rep¬ 
resented by an evaporator «o»l passing through an insulated space to ho 
refrigerated.. Alcohol, ether, or pone other readily *napornted liquid is 
allowed to flow in ;u the top of tiie'evaporator, and a fan i* supplied to 
create a steady flow of air ovvr fhoeyuporurittg liquid, The current, of 
air removes tire* gaseous ic-frigmant, and the latent heat of vaporization 
is supplied through the evaporator-eoil walls. Buy ha system is un,satis* 
faotory, since the evaporating temperature is uncontrolled and must 
cortespund to the saturation uunperaturc of 1 he ; refrigerant at atmos¬ 
pheric pressure it is also uneconomical, because the refrigerant is riot 
recovered. 

In Fig. 2.31 several improvements have been added to the elementary 
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system of Fig. 2.30. The evaporator has been extended into a complete 
circuit, and an absorber has been added. The refrigerant is alcohol. 
.The absorber water is poured into the system and is allowed to flow over 
a bend in the tubing so that the evaporated alcohol must flow through a 
curtain of water. Here absorption of the alcohol vapor occurs, and the 
absorbent becomes a water-alcohol mixture. The fan is eliminated from 
the system, since the cold vapors leaving the refrigerator are greater in 
density than the comparatively warm air leaving the evaporator. In 
the process of absorption some heat is released, thereby warming this air. 
This system is still impractical, however; for although the refrigerant is 




recovered, it has not been returned to a usable state. Furthermore, the 
alcohol-water solution collecting in the chamber at the bottom of the 
absorber must be constantly removed from the system. 

In Fig. 2.32 further improvements have resulted in a practical absorp¬ 
tion refrigeration system. Here the strong solution of alcohol and water 
is drained by gravity to a generator. Heating of the strong absorbent 
drives off much of the alcohol from the solution, and a bubble pump, oper¬ 
ating upon the ordinary coffee-perculator principle, drives alternate slugs 
of liquid and alcohol vapor into a separator. From the separator the 
alcohol vapor flows to the condenser, where liquid alcohol is formed for 
reuse as a refrigerant. The weak absorbent solution drains by gravity 
from the separator into the absorber, where the liquid again picks up the 
alcohol vapor from the evaporator. Liquid seals are necessary in both 
the discharge from the condenser and the discharge from the separator. 

Commercial adaptations of the cycle shown here are usually limited 
to fractional and small-tonnage systems, because a bubble pump is inad¬ 
equate for movement of large volumes of liquid. Ammonia is commonly 
used as a refrigerant and water, as the absorbent. Hydrogen gas is sub¬ 
stituted for air as a conveying medium in the evaporator and absorber 
coils. In order that the system may operate properly with a refrigerant 
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such asammonia*it-"is- necessary .that the pressure of the.'evaporating 
ammonia be much lower than that of the coudensmg anutioma: 'This 
low tcmjp^rathxfj Tg by prhPhrtmhlsg? “the volumes of water, 

ammonia, and hjdrogcn $6 that of the evaporating 

ammimia pins ili< • pressure of the hydrogen gas in the evaporator- 


MtCMQEft 


SCPABATO«*t 


tVAPOftAt OR 




■py«jp 


mechiiniyal■. moving- parts ate eliminated. 

To F%> -adi*ptatTon' of ihe tiyolu #s applied 

to large systems is shown. Hydrogen gas* has Inum eliruimited from the 
e:vap<Trator-aliSorbeJ , circuit, and 
now it only '0 

evaporafijiR ammonia. This t;on- |j; 
ditioo makes two eypartsioH valves hi 
necessary; ;<#tp between the eou- C 
denser and ihtl t?,i r s:pdrutor and t he 
Pthet: beUvrsutlhv gnUteratpr and t he 
absorber. 


$0mi 


suts HT*> 
rnotJivr^ 


^cmfwiroR 
rr\/ UQliV 


A mechanical liquid 
pump is required tp trsuiafer the 
fttrdhgttbsorbent frOtn. the low-pres- 
r.; o? absorber eha m bee into the high- 
pressure gcxin^rato^ chambet-. - A 


Fig, 5.34 r 

the aircooled ebndejujdr: ? M jh* 4 previPpk system. Absorption units 
developed from this elementary desigji afe tnanilfaetai-ed with capacities 
as high as several thou^m-i tons. 

Figure 2.34 shows a rctioed 'commercial adaptation «f Fig. 2.32 as 
applied to domestic refrigerators. The only additions over the basic 
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cycle are a gas heat exchanger, a liquid heat exchanger, and an analyzer, all 
added for greater efficiency. The liquid heat exchanger is used to heat 
the strong absorbent entering the generator while cooling the weak absorb¬ 
ent entering the absorber. The gas heat exchanger cools the hydrogen 
entering the evaporator while heating the evaporated ammonia entering 
the absorber. A small amount of the vapor leaving the separator is con¬ 
densed in passage through the strong absorbent in the analyzer. Since 
some water vapor is carried along with the ammonia gas leaving the sep¬ 
arator and since the first gases to condense are strong in water vapor if any 
is present, the remaining ammonia gas entering the condenser becomes 
concentrated. This procedure also prevents sufficient water from enter¬ 
ing the evaporator and forming frost. 

PROBLEMS 

2.1 A creamery must cool 2500 gal of milk received each day from an initial 
temperature of 80 F to a final temperature of 38 F in 3 hr. If all losses are neg¬ 
lected, what must be the capacity of the refrigerating machine? The density of 
milk is 8.6 lb per gallon, and the specific heat is 0.935. 

2.2 If the compressor in Problem 2.1 is to operate 8 hr per day with the surplus 
refrigeration accumulated in brine-storage tanks, what must the capacity be? 

2.3 Five hundred pounds of beef is to be cooled from 75 to 0 F iri 6 hr. Freez¬ 
ing occurs at 28 F, the specific heat before freezing is 0.77, the specific heat after 
freezing is 0.40, and the latent heat of fusion is 100 Btu per pound. Determine 
the required capacity of the refrigerating machine. 

2.4 A cold-storage room has inside dimensions of 40 X 25 ft with a 10-ft 
ceiling. The over-all coefficient of heat transmission [Btu per (sq ft)(F)(hr) 
from air to air through the construction] for the walls and ceiling is 0.09 and for 
the floor is 0.30. The inside temperature is to be maintained at 25 F. If the 
outside-air temperature adjacent to walls and ceiling is 80 F and that adjacent to 
the floor is 60 F, determine the capacity of refrigerating unit required for 70 
per cent running time. 

2.6 Fifteen hundred gallons of ice cream is to be manufactured per day. The 
ice-cream mix, which has a specific gravity of 1.10, swells 55 per cent during the 
freezing process. Determine the tons of refrigeration required to accomplish 
the initial freezing from 45 F to 22 F if the heat absorbed per pound is 60 Btu 
(latent and sensible). Freezing must be accomplished in 6 hr, and refrigeration 
losses are 10 per cent. 

2.6. Cold salt brine at an initial temperature of 30 F is used in a packing 
plant to chill beef from 100 to 38 F in 18 hr. Determine the gallons of brine 
required to cool 1000 beeves of 500 lb each if the final brine temperature is 35 F. 
The specific gravity of the brine is 1.05 and the specific heat 0.90. The specific 
heat of the beef is 0.75. 


CHAPTER 3 


Review of Thermodynamics 

3.1. Introduction. Refrigeration is concerned with the absorption of 
heat from a location where it is objectionable plus its transfer to and 
rejection at a place where it is unobjectionable. Regardless of the means 
by which this heat transfer is accomplished, the problem is one of applied 
thermodynamics. In some methods of refrigeration the working medium 
approaches a perfect gas, and the relatively simple thermodynamic 
equations for perfect gases may be applied. In the more commonly used 
forms of refrigeration, however, the working medium or refrigerant 
alternates between the liquid and vapor phases. Here the thermody¬ 
namic relationships are complex, and it is necessary to use tables and 
charts to present the physical and thermodynamic properties. This 
chapter is concerned with summarizing the important relationships of 
both gas and vapor thermodynamics, with emphasis on those phases 
most applicable to refrigeration. 

3.2. Ideal Gases and Vapors. An ideal or perfect gas is one that 
obeys the relationship 

pv = RT (3.1) 

and the other perfect gas laws exactly and has constant specific heat. 
Here p denotes pressure, v specific volume, R the gas constant, and T 
absolute temperature. The volume of such a gas will be zero at absolute 
zero, and its molecules will possess pure rectilinear motion between 
contacts. In order that this may be the case, such a gas must be entirely 
free from any molecular forces. The specific heats of such a gas are 
constant regardless of pressure or temperature changes, and, since the 
molecules may possess no energy of position, it is impossible that the gas 
have any internal latent heat or beat of disgregation. Hence it is impos¬ 
sible to change such a gas to the liquid or the solid states by lowering the 
temperature and increasing the pressure. 

No real gases follow this behavior prescribed for ideal gases. In 
cooling a real gas toward absolute zero, it is eventually condensed and 
finally solidified, thus indicating departure from the perfect thermo¬ 
dynamic relationships. Although no real gas conforms exactly to equa¬ 
tion 3.1, all experience indicates it to be the limiting relationship as the 
pressure approaches zero or the temperature infinity. If the conditions 
under which a gas exists, however, are sufficiently removed from its 
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critical temperature and pressure, equation 3.1 and the other perfect gas 
laws apply with sufficient accuracy for all practical purposes. 

A substance existing in the gaseous phase but relatively near its 
saturation temperature is usually termed a vapor. Under such conditions 
the gas laws no longer apply, the degree of error increasing with proximity 
to the liquid phase. Figure 3.1 shows isotherms plotted on a pressure- 
volume diagram for a substance in the liquid, vapor, and gaseous states. 
In the gaseous region equation 3.1 is applicable and, when the tempera¬ 
ture is held constant, reduces to the form pv = a constant, the equation 



Fig. 3.1. 

of a rectangular hyperbola. As the isotherms approach the critical 
isotherm defining the temperature above which the substance cannot 
exist as a liquid, the deviation from this equation becomes apparent. 
It is in this region that gases are usually termed vapor, and most refriger¬ 
ants are in this region when in the vapor state. In this and in the liquid 
regions many equations of state have been proposed in substitution for 
equation 3.1, but none of reasonable complexity have sufficient precision 
for practical purposes. The most historical of these is van der Waals’ 
equation: 

(p + pj (■>-»)= RT (3.2) 

in which a and b are constants varying with the gas. The constant o is 
introduced to compensate for the intermolecular forces in the real gas and 
the constant b to compensate for the reduction in specific volume due to 
the volume of the molecules. 

3.3. Properties and State of a Substance. A property of a substance 
is any quantitative characteristic, a difference of whose values between 
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two states of the substance is independent of the path or process by 
which the substance is transferred from one state to the other. In a 
refrigerating system the refrigerant is a working substance used for the 
purpose of absorbing heat from a source (the evaporator) and discharging 
it through a sink (the condenser). Some type of heat pump must be 
located between the source and sink so that the energy absorbed by the 
refrigerant at the evaporator may be transferred to the condenser for 
discharge. In order to predict or study the performance of a refrigerat¬ 
ing system it is necessary that the refrigerant be defined throughout the 
various points of the system in terms of its measurable properties. 

For most engineering purposes, including the field of refrigeration, 
the seven most essential properties 1 are the following: 

(1) Pressure, pounds per square inch absolute (psia) 

(2) Volume, cubic feet V 

(3) Temperature, F or absolute 

(4) Kinetic energy, foot-pounds 

(5) Internal energy, Btu ” 

(6) Enthalpy, Btu ( H 

(7) Entropy, Btu per F r c 

The first three of these properties need no further discussion, since 
they are readily comprehensible and may be determined by direct obser¬ 
vation of instruments or by simple measurements. They are used either 
in their absolute values or in differential. The remaining four are more 
complex in their conception and are further discussed in the following 
sections. The last three of these are used almost entirely as differences, 
and the numerical values are referred to arbitrary datum levels chosen 
for their simplification of problems. 

A working substance may exist in any of three states or phases: 
solid, liquid , or gas. The gaseous phase may be further divided for 
engineering purposes into two regions: the region of vapors and the region 
of true gases. The division, as noted previously, is a purely arbitrary 
one, vaguely defined by the degree of conformity to the perfect gas laws. 
In most refrigerating systems the refrigerant alternates between the 
liquid and vapor phases. In the little-used air refrigerating machine 
the working substance is confined to the gaseous phase. In the manu¬ 
facture of dry ice or solid carbon dioxide, the solid, liquid, and gaseous 
phases are all encountered. 

3.4. Kinetic Energy. A body in motion will do work upon other 
objects if its velocity is decreased but must have work done upon it by 
an outside source if its velocity is to be increased. The energy that a 
body possesses by virtue of its motion is termed kinetic energy and is 
defined as 


1 See Appendix Table A.l for corresponding letter symbols. 
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Kinetic energy = 


WV 2 

2 g 


(3.3) 


and the work done by a body during a change of velocity is 

' w* = (Vi 2 - V ,«) (3.4) 

where the subscripts 1 and 2 refer to the initial and final conditions, and 
W denotes weight, g gravitational acceleration and V velocity. In 
refrigeration this property of the working medium is useful in analyzing 
the action of steam-jet units, centrifugal compressors, and refrigerant 
injector nozzles, and in studying the throttling process. In most cases, 
however, the energy interchange involved during a velocity change of 
the working substance is sufficiently small to be negligible. 

3.6. Internal Energy. The internal energy of a substance as applied 
to refrigeration is the kinetic energy of its molecules plus the potential 
energy possessed by virtue of the molecular arrangements assumed 
against mutually attractive forces. Subatomic internal energy, some¬ 
times included by the physicist and chemist, has no common application 
in engineering thermodynamics, and atomic energy, at present, is con¬ 
sidered only in engineering processes involving combustion. 

The internal kinetic energy of a substance is commonly termed sen¬ 
sible heat, since it increases in relation to the absolute temperature of 
the body. The internal potential energy of a body is commonly termed 
latent heat, or heal of disgregation, as it is evidenced only during changes 
oT phase and therefore is unaccompanied by any changes in temperature. 
Thus, equivalent weights of water, ice, and steam at 32 F would all 
possess the same internal kinetic energy, but the internal potential 
energy, and therefore the total internal energy itself, would be different 
because of the difference in phase. The internal energy of an ideal gas 
would be equal to the sensible heat alone, because its concept inherently 
allows no change of phase. 

3.6. Enthalpy. Enthalpy is an arbitrary composite energy term 
defined as the sum of the internal energy of a substance plus the product 
of the. absolute ^pressure and the volume in heat units. ^Expressed 
mathematically, this is 

h = u + J (3.5) 


Although enthalpy is one of the most practical and widely used thermo¬ 
dynamic energy terms, it is probably one of the least thoroughly under¬ 
stood. Under all conditions the internal energy portion of the term 
consists of stored energy and is a property of the substance. The pv/J 
product is also a property of the substance but does not indicate stored 
energy. There is, however, a form of energy indicated by these same 
factors but present only during steady, continuous flow of the substance. 
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In the case of a flowing fluid such as a refrigerant, the pv/J term 
represents the energy necessary to maintain steady flow. If a pound of 
fluid having a volume v is made to flow through a pipe of cross-sectional 
area A t>y pressure p, t he energy required will be the product of the 
acting force F times the distance through which Itacts 7, or FI. But, 
since F = pA and v = Al, FI = pAl = pv. Expressed in Btu per 
pound of substance, this energy, sometimes termed flow work, is therefore 
pv/J, the same expression as the term in enthalpy. As energy it exists 
only during flow. Properties of a substance, like enthalpy, are always 
present under either flow or static conditions. 

Because refrigerant gases are usually in the vapor region, and there¬ 
fore the perfect gas laws do not apply, the concept of enthalpy, is widely 
used in refrigeration engineering to indicate energy exchanges. The 
change in enthalpy is a measure of heat transferred in a constant-pressure 
process. This is a common process in refrigeration, and refrigeration 
cycles are usually plotted on pressure-enthalpy or Mollier coordinates. 
Enthalpy values are included in all tables of refrigerant properties. The 
datum of zero enthalpy for refrigerants is usually chosen as — 40 F, both 
because of the convenient size of the resulting numerical values and also 
because, until recent years, refrigeration below — 40 F was comparatively 
rare. Low-temperature refrigeration applications necessitate the intro¬ 
duction of negative enthalpy values. 

3.7. Entropy. Entropy, like enthalpy, is a mathematical function of 
the observable properties of a substance, and therefore Changes in entropy 
are nor evident to the human senses. An increase in entropy indicates 
an increase in the degradation of energy or a decrease in the availability 
of energy. Mathematically, entropy changes between two states, 1 and 
2, are defined as 



where Q denotes quantity of heat, T absolute temperature, and s entropy. 
This expression occurs repeatedly in thermodynamic analyses, and 
entropy is a useful coordinate in plotting processes and making charts. 
Differences in entropy and not absolute values are used; and in the case 
of refrigerants, as with enthalpy, the zero datum is usually ch osen a s 
-40 F^ 

A common hydraulic analogy to entropy is found in the potential 
energy of position available at the top of a waterfall and the unharnessed 
dissipation of that energy in its drop to the foot of the falls. The poten¬ 
tial energy of the water is first converted into kinetic energy during free 
fall and is then dissipated as heat upon impact. The amount of energy 
remains unchanged, but it has suffered a degradation and is no longer 
easily converted into useful work as it might have been had a water 
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wheel or turbine been interposed in the path of its fall. This degradation 
is loosely equivalent to the throttling of a gas from a high pressure to a 
low pressure through an orifice in that again there is a decrease in the 
availability of the energy although the energy content itself remains the 
same. In this case the energy degradation is measurable as an increase 
in entropy and has not been accompanied by the accomplishment of 
useful work. The interposing of an expansion engine in lieu of the 
orifice would have accomplished conversion of part of the energy to 
useful work. 

3.8. Reversibility. A reversible process is one that is completely 
controlled and thus yields a maximum amount of useful work. It can 
be made to traverse in the reverse order all the stages through which it 
has progressed. Such a process is characterized by a continuous series 
of equilibrium states each of which can be defined numerically and thus 
plotted graphically. No actual process is completely reversible, but 
many engineering processes approach reversibility and equilibrium to an 
extent sufficient to warrant their analysis as completely reversible. 

In refrigeration systems the processes of compression, condensation, 
and evaporation all approach reversibility, and each stage of these proc¬ 
esses may be represented graphically with reasonable accuracy. The 
process of throttling the refrigerant through an expansion valve, how¬ 
ever, is completely irreversible and is characterized as entirely turbulent 
and incapable of proceeding in the reverse order. Here only the initial 
and final states may be represented truly by graphical means. Simi¬ 
larly the transfer of heat from the condenser, from the compressor, and 
to the evaporator to or from their surrounding media are all irreversible 
processes. Thus with a refrigerating system, as with all other actual 
systems, specific portions of the entire process approach reversibility, 
whereas others are irreversible. Obviously, if any portion of the process 
as a whole is irreversible, the refrigeration process itself must also be 
irreversible. 

3.9. Graphical Representation. Any thermodynamic cycle consist¬ 
ing of a series of processes such as the vapor-compression refrigeration 
cycle may be represented graphically by plotting the processes on coor¬ 
dinates that represent properties of the working substance. Of the 
seven properties listed in §3.2, two may be eliminated from consideration 
as practical coordinates for refrigeration analyses. Internal energy 
does not present as complete a measure of energy conditions as does 
enthalpy and is therefore a less desirable coordinate; kinetic energy is 
of minor consideration in most refrigeration processes and therefore may 
also be discarded. With the five remaining properties there are 10 
possible coordinate combinations, and of these the p-v, T-s, and p~h 
are most commonly used. 

The p-v diagram is useful in analyzing compressor operation, since 
the area under a curve representing a reversible process on these coor- 
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dinates is equivalent to the work done on the gas. For a nonflow 
reversible process proceeding between two state points the work is 
fp dv, but for a fluid compressed under flow conditions the initial and 
final flow energy must also be considered, and the resulting work is 
equivalent to fv dp. 

The T-s diagram is useful under representation of the entire refriger¬ 
ation process because the area under a reversible-process curve on these 
coordinates is equivalent to the heat gained or lost, Q — fT ds. 

In refrigeration, as in many other engineering fields, the solution of 
practical problems is sometimes facilitated if coordinates are chosen 
which, instead of possessing areas having common physical significance, 
form a graphical substitute for tables of properties. The Mollier p-h 
chart is widely used for this purpose in refrigeration and is acceptable 
whenever great precision is not necessary. From this chart the observ¬ 
able properties of pressure, volume, and temperature, and the functional 
properties of enthalpy and entropy may be obtained directly. The 
internal energy may be calculated from the Relationship 

' h = u + < (3.5) 

Mollier p-h charts for several of the common refrigerants are available 
in the envelope in the back of this book. 

3.10. Thermodynamic Laws. There are two major premises upon 
which the science of thermodynamics is based. Because no exceptions 
to these rules have ever been experienced, either accidentally or through 
controlled experiments, and because all attempts to disprove them have 
failed, they are termed thermodynamic laws and have been used as a 
foundation for further developments. 

The first law of thermodynamics states that heat and mechanical 
energy are interconvertible and neither can be created nor destroyed. 
This is a limited form of the more general law of conservation of energy, 
which states that all forms of energy are interconvertible and can neither 
be created nor destroyed. Although these statements are all-inclusive, 
no inference can be. drawn that the conversion of one energy form to 
another is necessarily complete. Only a portion of a given definite 
amount of heat energy can be converted to mechanical or to electrical 
energy, whereas all energy forms can be converted completely into heat 
energy. This ability for complete conversion into heat accompanied by 
a general tendency for all energy to be dissipated eventually in this manner 
has led sometimes to the description of heat as a “low-grade energy.” 
For example, the power input to an electric motor operating a refrigera¬ 
tion compressor is all converted, eventually, into heat and is absorbed as 
heat through the condenser or lost to the surroundings by convection, 
conduction, and radiation. All electric-motor energy losses, such as 
resistance, windage, hysteresis, and friction, are transformed into heat. 
All electric power converted into mechanical energy by the motor is 
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supplied to the compressor for compression of the refrigerant. This 
mechanical energy is eventually extracted at the condenser as heat, and 
all frictional losses are dissipated as heat. Even the energy transformed 
into sound in the operation of the plant is so dissipated. 

The second, law of thermodynamics, according to Clausius, states that 
it is impossible for a self-acting machine unaided by any external agency 
to convert heat from one body to another at higher temperature. Other 
statements of this same premise are that heat will not of itself flow from 
one body to another body maintained at a higher temperature, and that 
no machine, actual or ideal, can both completely and continuously 
transform heat into mechanical energy. All these statements imply the 
same principle, but Clausius’ is probably the most closely allied to 
refrigeration. The second law enables direct limitations to be placed 
upon the theoretical maximum operating efficiency that can be attained 
by either a compression or an absorption refrigerating machine operating 
under any specified set of conditions. 

The Nernst heat theorem, frequently referred to as the third law of 
thermodynamics, states that it is impossible by any procedure, no matter 
how idealized, to reduce any system to absolute zero of temperature in a 
finite number of operations. Its engineering applications are few, and 
its discussion is beyond the scope of this text. Some of its corollaries, 
however, indicate interesting phenomena at extremely low temperatures. 
The Nernst heat theorem may be interpreted to indicate that the coeffi¬ 
cient of volume expansion and the specific heat of a fluid approach zero 
as the temperature approaches zero. Such conclusions are in accordance 
with Griineisen’s 2 investigations, which indicate an increase in the 
thermal coefficient of expansion for most pure metals as the temperature 
increases. In addition, his experiments show that the ratio of the coeffi¬ 
cient of linear expansion of a substance to its specific heat at constant 
pressure approaches a constant at temperatures down to at least —170 C. 

3.11. Energy Equations. It is frequently necessary to evaluate the 
energy interchanges occurring to or from a working medium during a 
process. The development of the quantitative relationships necessary 
to accomplish such an evaluation is based upon five basic equations, 
known as the specific heat equation, the nonflow and the steady-flow work 
equations for an expanding substance, the nonflow or simple energy 
equation, and the steady-flow or general energy equation. 

The specific heat equation, based upon the definition of the specific 
heat of a substance for a given process, enables determination of the 
heat-energy interchange over a known temperature change. The general 
expression for this energy relationship is 

,<?2 = W f\dt (3.7) 


2 Grtineisen, Ann . Physik , Vol. 20 (1908), p. 211. 


39 


§3.11] REVIEW OF THERMODYNAMICS 

where c is the specific heat and t the temperature. This reduces to 

\Q 2 _ = Wc(t 2 — fi)_ (3.8) 

if the temperature range is sufficiently small to allow the specific heat to 
be considered as a constant. Care should be taken that these equations 
are not employed over a discontinuity of the specific heat such as occurs 
in refrigeration systems during a change of state of the refrigerant. 

When there is no transfer of the working substance during a process, 
it is te rmed nonfl ow; when there is a continuous and steady flow of the 
working medium, it is termed.steady flow. Processes involving inter- 
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Fig. 3.2. Compression process. 

mit tent flow with rapid cycling, such as the compression of a refrigerant, 
are usually treated as steady flow, although, if desired, the individual 
parts of the cycle may be treated as nonflow. The nonflow work equa¬ 
tion for an expanding substance may be derived from the energy required 
to move a piston of known area through a known distance against a 
known force and is equal to 

ill't, = Spdv ’(3.9) 

In the compression process represented in Fig. 3.2 this is equivalent to 
the area under curve 1-2 (area 01230). If during compression, however, 
steady-flow conditions exist, this area represents only a portion of the 
work required for compression. The working medium enters the com¬ 
pression process possessing flow energy piVi (area 01560) and is discharged 
with flow energy p 2 v 2 (area 24632). The difference in these flow energies 
added to the expression of equation 3.9 results in the steady-flow work 
equation equivalent to the process 

xWt, = fv dp % (3.10) 

The steady-flow or general energy equation is a mathematical statement 
of the energy conservation law including all flow process terms normally 
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encountered in heat engineering. It is merely an energy balance equating 
all pnprpry ?p+*»ring ^ clos ed system to that leaving the system. The 
only restrictions on its application are that - there must he continuous, 
constant flow of the working medium with no reservoirs capable of energy 
storage or rejection. The expression for the steady flow energy equa¬ 
tion is 


2 gJ 


+ Ul + pp + E +Q= vj‘ + u , + m 




(3.11) 


where u is the internal energy per unit weight and E p the potential 
energy. All energy terms in the equation are associated with the working 
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Fig. 3.3. Vapor-compression refrigeration Bystem. 


medium, with the exception of work and heat, which are added or sub¬ 
tracted from the system independently. 

The nonflow or simple energy equation is a simplified mathematical 
statement of the general energy equation eliminating all terms not 
involved in a nonflow process as well as those which are usually negligible. 
Its expression is 

dQ = dU + ^ \ (3^ 

where U is the total internal energy. 

For some processes the equation is even further simplified by the elimina¬ 
tion of an additional term. Thus during a constant volume process the 
term dWk/J is zero, during an isothermal process the term dU is zero, 
and during an isentropic process the term dQ is zero. 

The vapor-compression refrigeration system shown in Fig. 3.3 may 
be subjected to analysis by the general energy equation, with each unit 
of the system considered separately or the entire system considered as a 
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whole. If all unnecessary terms are eliminated and radiation and piping 
losses are disregarded, the following values are obtained: 


For the compressor: 

For the condenser: 

For the evaporator: 

For the complete system (adding component 
equations algebraically) 


Whl ~ “T = Whi ~ lQi 

Wh 2 ^ Whi - 2Q3 

Wh t - sQi = Whi 
a Qi + 1 j~ — iQi “I" 2Q3 


Thus the heat absorbed through the evaporator plus the work of compres¬ 
sion is equal to the heat rejected in cooling the compressor and condenser. 
In this example the expansion valve has been considered a part of the 
evaporator, since an energy balance across this valve, assuming the 
entering and leaving velocities to be equal, would reduce to hi — h *. 



Fig. 3.4. Joule’s free-expansion experiment. 

3.12. Joule's Experiment and the Joule-Thomson Effect. In 1850 
J. P. Joule performed his classical experiment on gases expanding with 
zero work and without gain or loss of heat. His apparatus, shown dia- 
grammatically in Fig. 3.4, consisted of two chambers A and B connected 
by a tube and stopcock, all immersed in a water bath. One chamber 
was evacuated and the other filled with a gas compressed to approximately 
22 atmospheres. After sufficient time had been allowed to attain 
temperature equilibrium, the interconnecting stopcock was opened. 
Although the gas was allowed to expand to approximately twice its initial 
volume, the volume of the flask system remained unchanged and hence 
no external work was done. Observations of the temperature of the 
surrounding water bath indicated no change after expansion, and there¬ 
fore there could have been no transfer of heat from the gas to the water. 
There could also have been no change of internal energy, since, from the 
energy equation, 

JTT _ dW k 
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The significant fact of this experiment was that both the internal energy 
and the temperature of the gas remained constant regardless of the 
changes brought about in the system. It was concluded that the internal 
energy of a gas is a function of its temperature alone. 

Although Joule’s early experiments indicated the internal energy of 
a gas to be a function of temperature alone, his later experiments in 1852 
in collaboration with Sir William Thomson (later Lord Kelvin) proved 
Joule’8 original apparatus to have been of insufficient sensitivity and his 
conclusions true only for an ideal gas. In the Joule-Thomson apparatus, 

shown diagrammatically in Fig. 3.5, gases 
were allowed to expand adiabatically 
P| under steady-flow conditions through a 
thermally insulated porous plug of cotton 
wool. A constant pressure differential 
. was maintained across the plug during 
flow of the gas, and the entering and leav¬ 
ing temperatures were determined. These 
and more recent experiments have shown 
that during adiabatic throttling of a real 
gas there is a change in temperature with 
drop in pressure termed the Joule-Thomson 
coefficient. 

(Is). - * (313) 

This ratio is not a constant but varies with 

Fig. 3.5. Joule-Thomson porous- temperature and pressure, and for 

plug experiment. 

each gas there is an inversion point (which 
varies somewhat with pressure) at which the coefficient is zero and the 
temperature remains constant. Below this inversion point the tempera¬ 
ture drops upon throttling and above it the temperature rises. With the 
exception of hydrogen, which has an inversion temperature of approxi¬ 
mately —108 F, practically all common gases will produce cooling upon 
expansion in the pressure ranges usually encountered. 

The Joule-Thomson effect has several practical applications in the 
field of refrigeration. It has been widely used in the study of the proper¬ 
ties of vapors and gases because it is a measure of the departure of an 
actual gas from the ideal gas. It has also been used as a means of 
refrigeration to attain low temperatures, for example in the Linde or 
Hampson systems for liquefaction of gases. 

3.13. Thermodynamic Relationships for Gases. By far the majority 
of all refrigeration processes involve working media that alternate 
between the vapor and the liquid phases and therefore cannot be treated 
thermodynamically as gases (§3.14). Since there are some exceptions, 
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however, such as the air-refrigerating machine, the thermodynamic 
relationships commonly required for gases 3 are summarized for reference 
in Table 3.1. These relationships may all be derived from Charles' law. 


Vj = Tt 
Vi Tt 

Boyle'8 law , 

PiVt = p 2 V 2 

the characteristic equation of gases, 

pv = RT 

the polytropic pressure-volume equation, 

pV n = C 


(3.14) 


(3.15) 


(3.16) 


the energy equations (§3.10), and the definitions of specific heat, entropy, 
and enthalpy. 

The paths by which thermodynamic changes occur may be studied 
best by maintaining one of the properties of the working substance 
constant. In the isobaric process (n = 0 ) the pressure is kept constant, 
and, therefore, the work involved during steady flow is zero. In the 
isometric process (n = ») the volume is constant, and the work during a 
nonflow process is zero. In an isothermal process (n = 1 ) the tempera¬ 
ture is constant, and there is no'change In the internal energy. In the 
isentropic or reversible adiabatic process (n = 7 = c p /c*) there is, by 
definition, no rejection or addition of heat, and consequently there is also 
no change in entropy. 

In portions of many practical cycles, however, it is impossible to 
reproduce these theoretical processes, and the actual thermodynamic 
path between state points can then be defined only by the polytropic 
process in which n may assume any value. In addition a working 
medium may expand by uncontrolled or free expansion (irreversible 
adiabatic process). During such a process no work is accomplished, no 
heat is added to or rejected from the working medium, and there is no 
change in internal energy or enthalpy (assuming the initial and final 
velocities of the expanding substance are constant). There is, however, 
an increase in entropy, indicating a decrease in availability of energy. 
In the vapor refrigeration cycle, throttling of the refrigerant through the 
expansion valve is an irreversible adiabatic process. 

3.14. Thermodynamic Relationships for Vapors. Most refrigerants 
when operating in the gaseous phase are sufficiently close to the saturation 
curve to be classed as vapors, and therefore the gas laws no longer apply. 


* For a complete discussion and the derivation of these relationships, reference 
should be made to any standard thermodynamics text. 


TABLE 3.1 

Thermodynamic Relationships for Gases 
(Constant specific heat) 
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Symbols are defined in Appendix Table A.l. 
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Most refrigerants also operate in the liquid phase, infrequently even in 
the solid phase, and may coexist in varying proportions in two phases at 
the same time. Although this greatly complicates the thermodynamic 
relationships, the actual solution of refrigeration problems is simplified, 
since process equations are not feasible, and the ulse of graphical or tabular 
presentations of the thermodynamic properties is necessary. 

The states in which a refrigerant 
or similar substance may exist and the 
conditions under which transition be¬ 
tween states may occur is best studied 
by reference to diagrams. Figure 5 
3.6 (o) is a 'pressure-volume diagram, 3 
3.6(6) a temperature-entropy diagram, a 
and 3.6(c) a pressure-enthalpy diagram, 
all for a typical refrigerant that con¬ 
tracts upon freezing. On all these dia¬ 
grams the boundary curves separating 
the phase areas are indicated by iden¬ 
tical numbering. The saturated-liquid w 
line 3-4 and the saturated-vapor line ? 

4-6 (commonly referred to as the S 

saturation line), together with the 2 

triple-point line 2-3-5, bound the area 
in which the liquid and vapor phases 
coexist in varying proportions. In 
this area the weight proportionality of 
the nonhomogeneous mixture of the 
two phases is termed quality; a quality kl 
of 0.90 would indicate a mixture of 10 | 

per cent saturated liquid and 90 per S 
cent saturated vapor. 

In the area to the left of the 
saturated-liquid line and above the 
triple-point temperature the sub- <e) 

Stance is a subcooled liquid. In the Fig. 3.6. Typical refrigerant diagrams, 
area to the right of the saturated- 

vapor line, both above and below the triple-point temperature, the sub¬ 
stance is a superheated vapor or gas. 

The critical point 4, at the junction of the saturated-liquid and sat¬ 
urated-vapor lines, defines the critical temperature above which liquefac¬ 
tion of the substance cannot occur. 4 Above the critical pressure the 

* P. W. Bridgman and Gustav Tammann have shown that under extremely high 
pressures, in the order ot a half million pounds per square inch, liquefaction can still 
occur above the critical temperature. 
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latent heat of vaporization becomes zero, the defining boundary line 
between the liquid and gaseous phases disappears, and there are no 
phenomena such as condensation and vaporization. There is no con¬ 
clusive evidence of any change whatsoever when the refrigerant passes 
from the liquid to the vapor state, and hence above the critical point 
these regions merge. 

The saturated-solid line 1-2, the lower portion of the saturated-vapor 
line 5-6, and the triple-point isotherm 2-3-5 bound the area in which 
the solid and vapor phases coexist in varying proportions. In the area 
to the left of the saturated-solid line and below the triple-point tempera¬ 
ture the substance is a subcooled solid. The triple point 2-3 (at triple¬ 
point temperature, U) is a’unique series of state points at which the sub¬ 
stance may exist in all phases—solid, liquid and gas—in equilibrium. 
Below the triple-point temperature the heat required to change the 
substance from a solid directly to a gas is termed latent heal of sublimation. 
At the triple-point temperature the heat required to change from a solid 
to a liquid (along 2-3) is termed latent heat of fusion. Above this tem¬ 
perature the heat required to change from a liquid to a vapor is termed 
latent heat of vaporization. 

3.15. Properties of Vapors. Tables of the properties of various 
refrigerants are presented in the Appendix and are similar in both form 
and application to standard steam tables. The saturated-refrigerant 
values are tabulated for temperature, pressure, specific volume, enthalpy, 
and entropy for both the saturated-liquid and saturated-vapor states. 
In the superheated-refrigerant tables the values of temperature, pressure, 
specific volume, enthalpy, And entropy are included. Except where 
noted otherwise, the enthalpy and entropy values have been computed 
from a — 40 F base instead of the 32 F base used for water vapor or steam. 

As in the case of similar working mediums capable of existing in 
vapor and liquid phases, the properties of a refrigerant state point 
located between the saturation curves may be calculated from the tabu¬ 
lated values if the quality is known. The enthalpy of such a state 
point representing two coexistent phases would be the enthalpy of the 
liquid plus the product of the quality and the latent heat of vaporization. 
Thus 

h x = h/ + xhf„ (3.17) 

Similarly, the entropy would be 

Sz = S/ + xs fa (3.18) 

and the specific volume 

Vx = Vf + XV fg (3.19) 

Internal energy values are not usually tabulated but may be calculated 
from equation 3.5. 
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3.16. Processes. In the vapor-compression refrigeration cycle both 
condensation and evaporation take place at constant pressure. By 
differentiating the defining equation for enthalpy 

,»_*, +e* + 

it is found that 

dh = dQ 


as the term vdp/J drops out for constant pressure, and dQ = du + 
p dv/J is the simple energy equation 3.11 for a nonflow process. 



VOLUME 

Fig. 3.7. Isothermal vs. isentropic compression. 

For a throttling process such as occurs through an expansion valve, 
the terms involved in the general energy equation 3.12 may be written 
between the initial and final states, as follows: 


Vi 2 

2 gJ 


+ Ui + 


Pivi _ Vt 2 ■ p 2 v 2 

T - 2g- + “* + T 


By definition, h = u + pv/J, and if the velocities of flow are assumed to 
be equal, then 

hi — h 2 


If the throttling terminates between the saturation curves, 

h\ = hjj -j- 


and the quality at the end of expansion is 

„ _hi — h/ t 
#2 » 

n,f 0t 


(3.20) 

(3.21) 


Since the area on the diagram under an isothermal compression curve 
is greater than that under an isentropic compression curve as shown in 
Fig. 3.7, it would at first appear that the isentropic process would be 



48 


REVIEW OF THERMODYNAMICS 


[§3.16 


desirable from the standpoint of reduced work of compression. However, 
this is true only for a nonflow process; for a steady-flow process the 
reverse is true (assuming equal velocities and hence equal kinetic energy 
terms), since the flow work imparted at discharge from an isothermal 
compression is much less than that for isentropic compression. The 
work required during compression for a steady-flow process is equivalent 
to the area between the curve and the pressure axis. Actually, isothermal 
compression is difficult if not impossible to approach in practice, because 
the refrigerant gas enters the compressor at a much lower temperature 
than the cylinder walls. This temperature difference, together with an 
internal energy increase resulting from compression, tends to prevent an 
approach to the isothermal. 

The compression process of the vapor refrigeration cycle approaches 
the isentropic more closely than any other. Principally because of 
throttling through the compressor valves and because of absorption and 
rejection of heat by the cylinder walls, there are some deviations that 
depend upon the compressor design and the refrigerant. The theoretical 
vapor-compression refrigeration cycle, however, is assumed to include 
isentropic compression. 
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PROBLEMS 

3.1. A refrigerant is compressed from 30 to 180 psia, and the specific vol¬ 
ume decreases from 9 to 2 cu ft per pound. Determine the polytropic exponent 
of compression. 

3.2. A refrigerant gas with 10 cu ft per pound specific volume is compressed 
polytropically from 10 psia to 66 psia. If » = 1.25, determine the specific 
volume at the end of compression. 

3.3. One pound of saturated liquid ammonia is expanded through a throt¬ 
tling valve from a condenser pressure of 180.6 psia to an evaporator pressure of 
38.51 psia. Determine (a) the refrigerant quality at discharge, (b) the change in 
specific volume, and (c) the final quality if the refrigerant is subcooled 10 F 
before expansion. 

3.4. A refrigerating system develops 8 tons while drawing 9 kw electrical 
energy. If 80 per cent of this energy appears as an increase in refrigerant 
enthalpy, determine the Btu per minute rejected to the condenser cooling water. 

3.6. Liquid refrigerant, in flowing from a receiver to an expansion valve, 
gains 15 ft in elevation and 3 Btu per pound from external sources of heat. If 
the velocity remains essentially constant, determine the change in enthalpy. 
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3 . 6 . Establish in general terms an energy balance between liquid refrigerant 
at comparative rest in a receiver and the refrigerant entering the expansion valve. 
Assume frictionless tubing. 

3 . 7 . Refrigerant vapor is compressed at a rate of 3 pound per minute with an 
increase in enthalpy of 3.5 Btu per pound. If 0.6 hp is required for compression, 
determine the Btu per hour rejected to the cylinder cooling water. 

3 . 8 . Saturated methyl chloride vapor is compressed from 20 to 100 psia and 
130 F. Determine (a) the work of compression in Btu per pound for the process 
and (b) the work of compression for the steady-flow cycle. See Appendix Table 
A.4 for properties of methyl chloride. 

3 . 9 . From the general energy equation, determine the Btu per pound rejected 
to the compressor fooling water in Problem 3.8(b). 

3 . 10 . If it is assumed that a linear relationship exists between temperature 
and entropy during compression, determine for Problem 3.8(b) the approximate 
amount of heat rejected to the cooling water from the area under the compression 
What is the percentage of eiror for this approximation? 


curve. 
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Refrigeration Cycle Analysis 
and 

Compression Refrigeration Machines 



CHAPTER 4 


Thermodynamics of Vapor Refrigeration 

4.1. Introduction. Most practical forms of refrigeration that utilize 
equipment for the recovery of the refrigerant may be classed broadly as 
compression systems. Whether this compression is accomplished by 
reciprocating, rotary, or centrifugal devices, by high-pressure steam 
ejectors (steam-jet system), or by evaporation from a secondary fluid 
(absorption system) makes no fundamental difference; all are compression 
systems basically. 

By far the most important systems commercially are those which use 
a refrigerant alternating between the vapor and the liquid phases. This 
class 1 also contains the reciprocating, rotary, centrifugal, steam-jet, and 
absorption systems. These systems, operating cyclically between two 
pressures and using a two-phase working medium, may, in the broadest 
terminology, be classed as vapor-compression systems. From a practical 
standpoint, however, such an all-inclusive classification is undesirable. 
Therefore the absorption and steam-jet systems are, for clarity, almost 
always so designated, and the term “vapor-compression system” is 
reserved for reciprocating and rotary systems using a two-phase refriger¬ 
ant. The centrifugal system, though differing from the reciprocating and 
rotary units only in that it is not positive in displacement, is usually 
classed separately for convenience. These clear and commonly used 
designations will be adhered to throughout this text. 

4.2. The Carnot Cycle. The Carnot cycle is an ideal, thermodynami¬ 
cally reversible cycle, first investigated by Sadi Carnot in 1824 as a 
measure of the maximum possible conversion of heat energy into mechani¬ 
cal energy. In its reversed form it is used as a measure of the maximum 
performance of refrigeration equipment. Although it cannot be applied 
in an actual machine because of the impossibility of obtaining a com¬ 
pletely reversible engine, it is nevertheless extremely valuable as a 
criterion of inherent limitations. 

The Carnot cycle, shown graphically in Fig. 4.1 on p-V and T-s 
coordinates, consists of an adiabatic expansion and an isothermal expan¬ 
sion followed by an adiabatic compression and an isothermal compression 
to form a closed cycle. Since the areas on the T-s diagram represent 


1 One exception not in this group is the air-compression refrigeration cycle, once 
widely used in marine and naval refrigeration and now reappearing in some aviation 
applications (see $6.2). 
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actual heat quantities supplied or rejected, and since all paths are here 
parallel to the coordinate lines, it is simplest to analyze the cycle on these 
coordinates. The Carnot cycle when operating as a heat engine will have 
V the efficiency 

_ net work _ heat supplied — heat rejected 
^ heat supplied heat supplied 

_ (Tj — Ti)(Sb — s a ) _ T\ — Ti .. 1 , 

T l {s b - *.) ~ Ti ^ A) 


where T denotes absolute temperature and s entropy. 



Fig. 4.1. Carnot cycle. 




Fig. 4.2. Two-phase Carnot cycle. 


Proof that this expression represents the maximum efficiency that can 
be obtained by any heat engine operating between two temperature levels 
may be found in any standard text on thermodynamics. 

The Carnot cycle shown in Fig. 4.1 is for a working medium operating 
' within the gaseous phase only. It is possible, however, to devise a 
Carnot cycle operating between the liquid and vapor phases within the 
saturated region. Such a cycle is shown in Fig. 4.2 on both p-V and 
T-s coordinates and resembles the Carnot cycle for gases on the T-s 
diagram. Within the saturated region, however, the isothermal lines 
are also constant-pressure lines, so that on the p-V diagram these proc- 
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esses appear accordingly. Such a two-phase Carnot cycle may be 
approached more closely in practice than a single-phase Carnot cycle 
because the isothermal processes are closely followed in the saturated 
region during change of phase. 

4.3. Reversed Carnot Cycle and Coefficient of Performance. Since 
the Carnot cycle is, by hypothesis, a reversible cycle, it is possible to 
use the reversed Carnot cycle as a measure of the maximum performance 
to be obtained from a refrigerating machine. In this case shaft work 
must be applied to the cycle, the working medium is expanded adiabati- 
cally from Ti to Tt, it absorbs heat isothermally at T t with an entropy 
increase from s a to 8b, it is compressed adiabatically from Tt to T x , and 
it discharges heat isothermally at T x with an entropy decrease from 
to 8a (see Fig. 4.1). Thus the Carnot cycle, when operating in one direc¬ 
tion or the other, may be used for three purposes: first, for converting 
heat energy into mechanical energy (when used as a heat engine); second, 
for using mechanical energy to absorb heat at some undesirable location 
and to reject it at some unobjectionable one (when used as a refrigerating 
machine); and third, for using mechanical energy to absorb heat at some 
ineffective location and to discharge it at a desirable one (when used as 
a heat pump). The second and third applications are based upon the 
reversed Carnot cycle and differ only in the result desired. 

The term “coefficient of performance” (c.p.) has been devised to 
measure the effectiveness of refrigerating machines and is usually defined 
as the ratio of the refrigeration produced in Btu to the net work supplied v 
in Btu. The term can be applied to an actual refrigeration machine or 
to a theoretical cycle such as the reversed Carnot cycle. Reference to 
Fig. 4.1 shows that the refrigeration produced in the reversed Carnot 
cycle is T t (sb — s a ) Btu per pound, and the net work supplied is (T x — Tt) 

(8b — 8 a ) Btu per pound. Thus the coefficient of performance is 

% 

heat absorbed 

heat equivalent of net work supplied 
Ttjsb - sjt_~ ~ 

(7’l - Tt)(s b - s a ) ^ 




(4.2) 


Since the term “coefficient of performance” is analagous to the term 
“efficiency” applied to heat engines, a broader concept of c.p. is some¬ 
times used in defining it as the ratio of the “desired effect” in Btu per 
pound to the net energy supplied in Btu per pound. For a Camot-cycle 
refrigeration machine this is still 


c.p. = 


Tt 


T i - Tt 


(4.2) 
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For a Camot-cycle heat pump in which the desired effect is the heat 
rejected, 

_ heat rejected 
C ‘P' net work supplied 


Tijsb - So) 

(TI — Ti)(Sb — Sa ) 
T\ 

T ! - T 2 


(4.3) 


and for a Camot-cycle heat engine, 


c.p. 


net work realized 
heat supplied 

(Tl ~ TjKSb ~ Sq ) 

Ti{Sb - So) 



(4.4) 


The Camot-cycle coefficient of performance for both a refrigerating 
machine and a heat pump increases as the spread between source tem¬ 
perature and sink temperature decreases, whereas the reverse is true for 
the c.p. or efficiency of a heat engine. If the cycle condition under which 
Tt is equal to absolute zero is excluded, the c.p. for either a heat pump or 
a refrigerating machine is always greater than 1.0, and that for a heat 
engine is always less than 1.0. 

Example 4.1. A Camot-cycle machine operates between the temperature 
limits of <i = 86 F and ( 2 = 5 F. Determine the c.p. when it is operated as (a) 
a refrigerating machine, (b) a heat pump, and (c) a heat engine. 

Solution: 

(a) refrigerating machine 


(b) heat pump 


(c) heat engine 


T, = 86 + 460 = 546 
T2 = 5 + ,460 = 465 

To 465 

c.p. = 


T, - T 2 546 - 465 


= 5.74 


c.p 


T, 


546 


1 T, - To 546 - 465 


= 6.74 


Ti - To 546 - 465 „ , r 

c.p. =-^- =-^- - 0.15 


Ti 


546 


In this problem the c.p. for the refrigerating machine is 38.3 times 
greater than that for the heat engine, whereas that for the heat pump is 
1.18 times that for the refrigerating machine. This result is to be 
expected because the heat engine is converting heat energy into mechani¬ 
cal energy, whereas both the refrigerating machine and the heat pump are 
merely increasing the energy level of heat absorbed from a low tempera- 
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ture source. The c.p. Tor the heat pump is greater than that for the 
refrigerating machine because all mechanical shaft work required to 
operate the pump is dissipated as heat and added to the “desired effect,” 
or heat discarded at the high temperature. 

4.4. Maximum Coefficient of Performance. That the coefficient of 
performance for a reversed Carnot cycle (or any other reversible refrigera¬ 
tion cycle) is the maximum possible for a refrigeration machine operating 
between the same temperature levels may be proved in a manner similar 
to that used to prove that the efficiency of a Carnot-cycle heat engine is 
a maximum. In Fig. 4.3(a), H is a machine with a c.p. assumed to be 



(a) (6) 


Fig. 4.3. 

higher than that for the reversible machine R. Both machines operate 
as refrigerators between the temperature levels 7\ and T 2 , and both 
absorb the same amount of heat, Q, at the temperature source 7Y The 
shaft energy required by refrigerator H is W H and by refrigerator R is 
Wb- The c.p. for refrigerating machine H is Q/W a , and for machine 
R is Q/Wa- However, by hypothesis, 


and therefore 


Q_ 

Wh 



Wb > W„ 


In Fig. 4.3(6) the reversible machine R has been reversed to operate 
as a heat engine, and the low-temperature source at T 2 has been replaced 
by a heat conductor. This procedure is permissible because, again by 
hypothesis, the amounts of heat flowing between the low-temperature 
source and either machine are identical. Thus, the system now con¬ 
stitutes a machine which operates from a single source of heat at any 
temperature above absolute zero. The engine portion of the machine 
develops sufficient work, Wh, to operate the refrigerator portion plus a 
surplus of mechanical energy, Wb — Wh- If such a machine were possi¬ 
ble, work could be produced continuously by any source of heat whatso- 
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ever, such as the atmosphere, the ocean, or the earth itself. Such a 
hypothetical machine, known as a perpetual-motion machine of the second 
kind, is impossible to realize because it violates the second law of thermo¬ 
dynamics by continuously and completely transforming heat energy into 
mechanical energy. 

4.5. Theoretical Vapor Compression Cycle. The theoretical vapor- 
compression refrigeration cycle as actually applied and approached in 
practice (Rankine form of cycle) is shown in Fig. 4.4(a), (6), and (c) 
on p-V, T-s, and p-h coordinates. Here 1-2 is the throttling or expansion 
process, 2-3 is evaporation, 3-4 is compression, and 4'-l is condensation. 
Two alternate compression paths, 3-4 and 3'-4' are shown, the former 



Fig. 4.4. Vapor-compression refrigeration cycle. 


termed "dry compression” with the charge entering the compressor 
initially dry and saturated, and the latter "wet compression” with the 
charge dry and saturated (theoretically) at the end of compression. 
Despite the theoretically slightly lower c.p. of dry compression, it is 
generally utilized in the United States because, among other reasons, 
there is less danger of damage to the compressor through the entrance of 
slugs of liquid refrigerant that are not completely vaporized during 
compression. 

No attempt is made to recover the work of expansion in process 1-2, 
since this positive work—represented in Fig. 4.4(a) by the area between 
process 1-2 and the pressure-coordinate axis is generally small, and the 
equipment necessary for its recovery is not economically justifiable. 
Whereas heat engines are usually large devices centrally located for the 
production of power in manufacturing plants or central stations, refrigera¬ 
tion machinery is usually limited in application and therefore compara¬ 
tively low in power input. The recovery of any small amounts of 
positive work by means of an expansion device or engine is therefore not 
attempted, and expansion occurs as an irreversible adiabatic process. 

Both evaporation (process 2-3' or 2-3) and condensation (process 
4'-l) take place within the saturated-vapor region and therefore occur 
under constant pressure and constant temperature conditions. In the 
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case of dry compression, however, the gas leaving the compressor is super¬ 
heated, and the heat of superheat must be removed in the condenser before 
condensation of the refrigerant can occur. This process 4-4' is one of 
constant pressure (at condenser pressure) but not of constant temperature. 

The compression process (3-4 or S'-A') in the theoretical cycle is 
assumed to be isentropic, because this process is more nearly approached 
in practice. Since the charge entering a refrigerating compressor has 
been cooled to a temperature greatly below that of the cylinder walls and 
ports, it is virtually impossible to approach isothermal compression 
practically. Theoretically it would 
be desirable if isothermal compres¬ 
sion could be assumed, since the 
work for isentropic compression is 
greater than that for the isothermal 
(see Table 3.1). However, from a 
practical standpoint isothermal com- * 
pression would have no physical < 
meaning except under conditions of £ 
extremely high suction superheat. 5 
With normal superheat, isothermal 
compression would result in the dis¬ 
charge of subcooled liquid refrig¬ 
erant. This change of state would 
introduce a considerable reduction in 
volume and therefore a compression * 
exponent, n, that is less than 1. 

It is also evident that if a cooling medium were available that would 
allow discharge at the suction temperature, there would be no need for 
the compressor because the cooling medium could be used to replace the 
refrigerating system. 

A comparison of the theoretical" vapor compression cycle with the 
reversed Carnot cycle is shown in Fig. 4.5 on Ts coordinates. This 
graph indicates the degree of deviation from the reversed Carnot cycle 
necessary for a theoretical cycle approachable in practice. In making 
such a comparison, Ts coordinates are of advantage, since the areas 
shown represent actual heat quantities. In this figure 1-2-3-4-1 repre¬ 
sents the Carnot cycle, and l-2'-3-4'-5-l represents the vapor compression 
cycle. The latter deviates from the Carnot cycle in that it includes the 
superheat “horn” 4-4'-5-4, and expansion follows the irreversible adia¬ 
batic 1-2' instead of the isentropic expansion 1-2. 

Since the area inside the closed cycle represents the net work added 
from an outside source, it is evident that the superheat horn increases this 
required work, whereas the irreversible expansion reduces this work by 
the area 1-2-2M. The heat absorbed through the evaporator is repre- 



Fig. 4.5. Comparison of reversed 
Carnot and theoretical vapor-compres- 
lion cycles. 
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sented by the area 2-s 0 -s e -3-2 in the reversed Carnot cycle and by area 
2 / -$6 -s 8 -3-2 / in the vapor compression cycle. Although the superheat horn 
has no effect upon the amount of heat absorbed, irreversible expansion 
reduces the refrigerating effect by the area 2-s a -Sj-2'-2. Thus the super¬ 
heat horn adds to the required net work of the cycle, whereas irreversible 
expansion decreases this net work somewhat but also reduces the desirable 
heat absorption in the evaporator by a relatively greater amount. 

4.6. Departure from Theoretical Vapor Compression Cycle. The 
vapor compression cycle as applied in practice differs in several ways 
from the theoretical cycle shown in Fig. 4.4. Frequently the liquid refrig¬ 
erant is subcooled before it is allowed to enter the expansion valve, and 
usually the gas leaving the evaporator i s sup erheate d a few degrees before 
,it enters the compressor. This superheating may occur as a result of the 
type of expansion control used or through a pickup of heat in the suction 
line between the evaporator and compressor. Compression, although 
iusually assumed to be isentropic, may actually prove to be neither isen¬ 
tropic nor poly tropic. In addition, both the compressor suction and 
discharge valves are actuated by pressure difference, and this process 
requires the actual suction pressure inside the compressor to be slightly 
below that of the evaporator and the discharge pressure to be above that 
of the condenser. Although isentropic compression assumes no transfer 
of heat between the refrigerant and the cylinder walls, actually the cyl¬ 
inder walls areTiotter than the incoming^gases from the evaporator and 
colder than the compressed gases discharged to the condenser. There are 
numerous other deviations from the theoretical cycle, but most of these 
are small and consist primarily of heat exchanges, either positive or nega¬ 
tive, between parts of the system and the surrounding air. Two addi¬ 
tional deviations,, not^iegligible, are the pressure drop in long suction- and 
liquid-line piping and any vertical differences in head created by locating 
the evaporator and condenser at different elevations. These two factors 
are discussed in Chapter 12, Refrigeration Piping. 

Figure 4.6 shows the practical vapor compression cycle on T-8 coor¬ 
dinates with the sections of the diagram involving entrance of the gas into 
and discharge from the compressor magnified. In this diagram process 
10-11-1-2 represents passage of the refrigerant through the condenser 
with 10-11 indicating removal of superheat, 11-1 the removal of latent 
heat, and 1-2 the removal of heat of liquid or subcooling. Process 3-4-5 
represents passage of the refrigerant through the evaporator, with 3-4 
indicating gain of latent heat of vaporization, and 4-5, the gain of super¬ 
heat before entrance into the compressor. Both of these processes 
approach very closely to the constant pressure conditions assumed in 
theory. 

Superheating and Subcooling. The standard rating cycle used for 
comparison of refrigerating machines and refrigerants under standard 
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conditions assumes a condenser saturation temperature of 86 F and an 
evaporator saturation temperature of 5 F. In addition, 9 F liquid sub¬ 
cooling is assumed before the refrigerant enters the expansion valve and 
9 F superheating before it enters the compressor. A condensing temper¬ 
ature of 86 F was originally chosen because it corresponds exactly to 30 C, 
and 5 F was assumed for the evaporating temperature because it corre¬ 
sponds exactly to —15 C. These standards are frequently used in com- 



Fig. 4.6. Practical vapor-compression cycle. 


paring the ratings of refrigeration equipment. The superheating is 
advisable in practice because it assures complete vaporization of all the 
liquid refrigerant before it enters the compressor; moreover, in some 
instances, variations in superheat temperature serve as a means of mod¬ 
ulating the size of opening of the expansion valve (see Chapter 14, Refrig¬ 
eration Controls). One effect of superheat is to increase the specific L 
volume of the suction vapor and thus also the required compressor dis¬ 
placement per ton of refrigeration developed. A second effect is to v 
increase the enthalpy of the vapor and thus, provided this superheating 
represents useful refrigeration, also the refrigerating effect for each pound 
of refrigerant entering the compressor. These two effects tend to coun¬ 
teract each other, and with some refrigerants, such* as ammonia, the net 
effect of superheating is, theoretically, to reduce the capacity of the sys¬ 
tem. With other refrigerants, such as Freon-12, superheating theoreti¬ 
cally increases the capacity of the system. 

Liquid subcooling is desirable because it increases the refrigerating 
effect as well as reduces the volume of gas flashed from the liquid refrig¬ 
erant in passage through the expansion valve. Any such increase in 
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refrigerating effect is at the expense only of additional cooling water, and 
the compressor power requirements remain unchanged. 

2- - Throttling. Process 2-3 represents passage of the refrigerant through 
the expansion valve, both theoretically and practically an irreversible 
adiabatic path. The end-state points 2 and 3 are correct, but the locus 
of intermediate points would probably approach path 2-2a-3 more 
closely. Here path 2-2a is essentially one of constant entropy, and path 
2o-3 is the result of an irreversible decrease in velocity after passage 
through the valve. Path 2-3 more closely represents the passage of a 
refrigerant through a porous plug. Actually, no true path can be drawn, 
since the process is a turbulent one. with nonuniform distribution from 
point to point of any of the properties of the expanding mass. 

^ Suction and Exhaust Pressures. Four constant-pressure lines are 
shown in Fig. 4.6, with p t representing evaporator pressure; p e , condenser 
pressure; p„ suction pressure inside the compressor cylinder after passage 
through the suction valves; and pa, discharge pressure inside the com¬ 
pressor before passage through the exhaust valves. Path 5-6-7-8-9-10 
represents the passage of the gas.from the entrance to discharge of the 
compressor. Path 5-6 represents the throttling action that occurs during 
passage through* the suction valves, and path 9-10 represents the throt¬ 
tling during passage through the exhaust valves. Both of these actions 
are accompanied by an entropy increase and a slight drop in temperature. 

| Compression. Isentropic compression, assumed theoretically, pre¬ 
supposes that there is no transfer of heat between the refrigerant and the 
cylinder walls during compression. Actually, the cylinder walls assume 
a temperature at some point between those of the cold suction gases and 
the hot exhaust gases, and there is a transfer of heat from the walls to the 
gases during the first part of compression and a reversal of heat flow 
during the last part of compression. Moreover, after the cold refrigerant 
gases pass through the suction valves, the gases undergo, prior to com¬ 
pression, a rise in temperature upon contact with the cylinder walls, and 
these same gases experience a similar temperature drop after compression 
and prior to exhaust. These last two heat transfers occur essentially at 
constant pressure and are indicated by paths 6-7 and 8-9, respectively. 

Compression of the refrigerant occurs along path 7-8, which is actually 
neither isentropic nor polytropic. If it is assumed that the quantity of 
heat absorbed by the gases during the first part of compression is equal 
to the quantity of heat rejected by these same gases during the last part 
of compression, then the form of compression curve shown in Fig. 4.6 will 
be approached. Here the quantity of heat absorbed by the gases is equal 
to the area under curve 6-7-il/, and this quantity must be equal to the 
quantity of heat rejected as represented by the area under curve 3/-8-9. 
Since the temperature at which rejection of heat from the gases takes 
place is higher than that at which absorption of heat occurs, and sirvce 
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the quantities of heat absorbed and rejected are equal, there must be a 
net entropy increase. 

If the cylinder walls are water-jacketed and the temperature of the 
water is below the mean cylinder-wall temperature, there will be an 
absorption of some of the heat resulting from compression, a decrease of 
the cylinder-wall mean temperature, and a decrease in the temperature 
of the discharged gases. These changes will result in a shifting of curve 
6-7-M-8-9 such that a greater amount of heat will be rejected to the cyl¬ 
inder walls than is absorbed from them, and there will be a smaller increase 
or even a decrease in entropy. The magnitude of these changes will of 



Fig. 4.7. Saturated vapor curves for several common 
refrigerants. 

course depend upon the temperature of the cooling water and the effec¬ 
tiveness of the jacketing. These shifts will result in a reduction of power 
requirements and an increase in volumetric efficiency (see §4,6). The 
greatest advantage will be found when refrigerants resulting in high 
discharge temperatures are used. Thus ammonia compressors are usually 
supplied with water jackets, whereas Freon-12 compressors are usually 
only air-cooled. 

CT. Superheat Horn. The superheat horn 4-4'-5 shown in Fig. 4.5, and 
its counterpart in Fig. 4.6, represent additional energy of compression 
required over that for the ideal reversed Carnot refrigeration cycle. The 
magnitude of this area is dependent upon both the value of n and the 
slope of the saturated vapor curve for the refrigerant. If compression 
of a saturated refrigerant follow's the vapor curve from the suction to the 
discharge pressure, there obviously would be no superheat; the degree of 
departure determines the magnitude of this additional work. 

In general the more nearly vertical the vapor saturation line, the 
smaller is the superheat horn; this statement is correct in all cases if 
compression is assumed to be isentropic. Figure 4.7 shows the satu¬ 
rated vapor curves, draw'n on common coordinates, for several typical 
refrigerants. If the degree of departure from the vertical is assumed to 
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be the only factor involved, among the commonly used refrigerants, 
ammonia would have the largest superheat horn and Freon-12 the 
smallest. The saturation curve of ethyl ether, a little-used refrigerant, 
most nearly eliminates the superheat horn. 

Theoretically, the most efficient cycle using any refrigerant would be 
one completely eliminating all superheat by operating with wet com¬ 
pression and thereby discharging dry saturated gas at the end of com- 
i pression. Practically, however, this is not the case. The unevaporated 
liquid refrigerant entering the compressor exists in droplet form and not 
in molecular suspension, and much of it may still remain in droplet form 
at the end of compression. Superheated gases will be discharged from 
the compressor, and the liquid droplets will tend to remain in the clear¬ 
ance space. Upon reexpansion of the clearance gases much of this liquid 
refrigerant will flash into vapor and thus materially increase the volume 
of the clearance gases. Therefore the volumetric efficiency is greatly 
reduced, and the theoretical advantages disappear. 

^ Mathematical Analyses of Cycles. In most mathematical analyses of 
refrigeration cycles many of the differences between theory and practice 
are disregarded as negligible. Thus any pressure differences across the 
compressor valves are usually neglected because their effect on calcula¬ 
tions is small except at very low evaporator temperatures and pressures. 
Compression is usually assumed to be isentropic or at least polytropic. 
The consideration of vapor superheating and subcooling introduces no 
particular difficulties and therefore is often included. The effects of heat 
exchanges between parts of the system and the ambient air are difficult 
to analyze and frequently are small, so that they are usually disregarded. 
The effect of volumetric efficiency is extremely important and is discussed 
separately in the following section. 

4.7. Volumetric Efficiency. A theoretically perfect compressor 
would have neither clearance nor losses of any type and would pump on 
each stroke a quantity of refrigerant equal to the piston displacement. 
No actual compressor is able to do this, since it is impossible to construct 
a compressor without clearance or one that will have no wire-drawing 
through the suction and discharge valves, no superheating of the suction 
gases upon contact with the cylinder walls, or no leakage of gas past the 
piston or the valves. All these factors affect the volume of gas pumped 
or the capacity of the compressor. Some of them affect the horsepower 
requirements per ton of refrigeration developed. 

The ratio of the actual volume of gas drawn into the compressor 
(at evaporator temperature and pressure) on each stroke to the piston 
displacement is termed volumetric efficiency. If the effect of clearance 
alone is considered, the resulting expression may be termed clearance 
volumetric efficiency. The expression used for grouping into one constant 


§4.7] THERMODYNAMICS OF VAPOR REFRIGERATION 


65 


all the factors affecting efficiency may be termed total volumetric efficiency . 2 
The clearance volumetric efficiency may be calculated with reasonable 
accuracy; the total volumetric efficiency is best obtained by actual 
laboratory tests, although a fair approximation to it may be calculated 
if sufficient data are available. 


CLEARANCE 

VOLUME 



Clearance Volumetric Efficiency. The volume of space between the 
end of the cylinder and the piston when the latter is in dead center 
position is termed clearance volume; in Fig. 4.8 this is represented by 
volume 3-4. The clearance, C, is the ratio, expressed in per cent, of the 
clearance volume to the piston displacement. The piston displacement 
is shown in Fig. 4.8 as 3-1. Upon expansion of the clearance gases from 
the discharge pressure, pd, to the suction pressure, p„ the volume of these 
gases will change from 4-3 to 4-2, and the portion of the piston displace¬ 
ment effective in drawing in a new charge of gas from the evaporator 
will be reduced by 3-2. The ratio of this actual volume of new suction 
gases to the piston displacement is defined as the clearance volumetric 
efficiency, if*,. Thus, 

Vi - v 2 


* To date various authorities are not in agreement on the beet method of sub¬ 
dividing the volumetric efficiency. The expressions here noted are only two of those 
encountered. Others are volumetric efficiency due to superheating y usually found as an 
empirical equation attempting to evaluate the effect of suction-gas heat absorption 
from the cylinder walls; conventional volumetric efficiency or theoretical volumetric effi¬ 
ciency, other terms for the clearance volumetric efficiency; compression efficiency, a 
measure of the deviation of the actual compression process from the adiabatic; volu¬ 
metric efficiency without clearance , an empirical grouping and evaluation of all efficiency 
factors other than the clearance volumetric efficiency; and the leakage volumetric 
efficiency, an empirical evaluation of the valve and piston-ring leakage. 
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but Vi — Vi = (vi — v%) — (t >2 — Vs) 

and, since expansion from pa to p, is polytropic, 



By definition, C =- 

|»1 — Vs 

Therefore, by substitution, 

(t’l - t’3) - O2 - Vs) 



(4.5) 


This clearance volumetric efficiency has a marked effect upon the com¬ 
pressor piston displacement required per ton of refrigeration developed. 
The effect becomes more marked as the compression ratio or the spread 
between condenser and evaporator pressures increases. However, it is 
usually considered that clearance has no effect upon the horsepower 
requirements per ton of refrigeration, because the alternate compression 
and expansion of a fixed quantity of vapor theoretically requires zero 
power. This process is analogous to the alternate compression and expan¬ 
sion of a spring with the work required during compression recovered 
during the following expansion. 

In an actual system it is probable that clearance has some effect upon 
the power requirements since the compression and expansion of the clear¬ 
ances gases are not likely to follow exactly the same path; that is, the 
work required during compression is not numerically identical to the 
work recovered during expansion. The difference, however, is usually 
small, and reasonably accurate results are obtained if equation 4.5 is 
used in calculating compressor displacement requirements and is dis¬ 
regarded in calculating compressor power requirements per ton of 
refrigeration. 

Total Volumetric Efficiency. The total volumetric efficiency of a 
compressor is best obtained by actual laboratory measurements of the 
amount of refrigerant compressed and delivered to the condenser. It is 
too difficult to predict the effects of wire-drawing, cylinder-wall heating, 
and piston leakage to allow any degree of accuracy in most cases. 

An approximation to the total volumetric efficiency may be calculate*! 
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if the pressure drop through the suction valves and the temperature of the 
gases at the end of the suction stroke are known and if it is assumed that 
there is no leakage past the pistons during compression. This approxi¬ 
mation may be computed with a modification of equation 4.5; that is, 
multiplying it by the ratio of the evaporator and cylinder syction pres¬ 
sures and by the evaporator and cylinder suction absolute temperatures. 
Thus 


„. = [i+e-c(^)= 



(4.6) 


where the subscript c refers to the compressor cylinder and s refers to 
the evaporator or the suction line just adjacent to the compressor. The 
temperature rise of the gases passing from the suction line into the cylin¬ 
ders is difficult to evaluate. If tests are to be made to determine this 
temperature rise, it usually is found more practical to run complete tests 
and determine the total volumetric efficiency directly. In some cases 
reasonable assumptions can be based upon data available from previous 
tests. Determinations of the suction-valve pressure drops may be made 
from indicator-card data. The assumption that there is no leakage past 
the pistons is reasonable for well-designed compressors in good repair. 
Equation 4.6 applies only to calculations for the determination of the 
piston displacement required per ton of refrigeration and then only 
when v„ and p, are at evaporator and not cylinder conditions and pa is at 
condenser pressure. If pressures and the specific volume are taken at 
cylinder conditions, equation 4.5 may be used. 

Although the clearance volumetric efficiency has little or no effect 
upon compressor power requirements, at least a few of the factors grouped 
in the total volumetric efficiency will affect the compression work. A 
reasonable approximation to the actual power requirements may be 
made if they are based upon calculations using the actual cylinder pres¬ 
sures and not the evaporator and condenser pressures, and if the poly¬ 
tropic compression exponent is known and used instead of the adiabatic. 

In summary, the most accurate efficiency determinations may be 
made of a compressor by actual tests. A reasonable approximation to 
the total volumetric efficiency as it affects compressor displacement may 
be made by using equation 4.6. Approximations of compressor power 
requirements may be most accurately made by using the polytropic 
compression exponent and by basing the work calculations upon the 
actual cylinder pressures. 

4.8. Rotary Compressors. Sections 4.5 and 4.6, which discuss depar¬ 
tures from the theoretical vapor-compression refrigeration cycle and 
volumetric efficiency, are applicable to systems using reciprocating 
compressors for the compression process. The analyses would remain 
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essentially the same for systems using rotary compressors, but the eval¬ 
uation of the factors involved is much more difficult. Clearance values 
are difficult to determine; cylinder-wall heating must be renamed, 
although essentially the same superheating process of the suction gases 
occurs; an<J it is probably incorrect to assume even polytropic compres¬ 
sion. Rotary-compressor capacity and power requirements are best 
determined by actual calorimeter tests. 

4.9. Mathematical Analysis of Vapor Compression Refrigeration. 
In §3.15 it was shown that for a constant-pressure process, such as occurs 
in refrigerant evaporation and condensation in the vapor compression 
cycle, 

dQ = dh 

Therefore [see Fig. 4J^c.)] the amount of heat absorbed during evapora¬ 
tion is 

Q*v»p = {hi — hi) Btu per lb (4.7) 

and the amount of heat rejected during condensation is 
* 

Qoond = {hi — hi) Btu per lb (4.8) 

f 

It was also shown in §3.15 that for a throttling process no work is done, 
and, with approximately equal entering and leaving velocities, 


h, 


entering 


= h 


leaving 


and therefore 


hi — hi 

The quality of the refrigerant at the end of expansion is 

_ hi - h/, 
hf 3l 


(4.9) 


(3.21) 


In accordance with the law of energy conservation, the heat rejected to 
the condenser must equal the heat absorbed in the evaporator plus the 
heat equivalent of the work of compression, or 


Qeaad — Q«t&p 1 


IF, 


k comp 


If the expressions given in equations 4.7, 4.8, and 4.9 arc substituted in 
this equation, 

- j - ro f = {hi — h 3 ) Btu per lb (4.10) 


This equation assumes no heat gains or losses to the ambient air and no 
heat losses during the compression process. 

Refrigerating effect is the amount of heat absorbed by the refrigerant 
in its travel through the evaporator. In Fig. 4.4(c) this effect is repre- 
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sented by the expression of equation _4.7.. In addition to the latent heat 
of vaporization it may include any heat of superheat absorbed in the 
evaporator. 

Weight of refrigerant circulated per (minute) (ton of refrigeration) may 
be determined by dividing the amount of heat in Btu absorbed per 
(minute) (ton of refrigeration) by the refrigerating effect. Thus 


Weight refrigerant circulated = 


200 


(ha 


lb per (ton) (min) (4.11) 


-nr 

Theoretical piston displacement per (ton of refrigeration) (minute) may 
be found by multiplying the weight of refrigerant to be circulated per 
(ton of refrigeration) (minute) by the specific volume of the refrigerant 
gas, (V g ) g, at its entrance to the compressor. Thus , 


Theoretical piston displacement 

200 


(ha - hi) 


(FJs cu ft per (ton)(min) (4.12) 


Theoretical horsepower per ton of refrigeration is the horsepower 
theoretically required to compress the refrigerant. It does not take into 
consideration the mechanical efficiency or the volumetric efficiency of 
the compressor. Compression of the refrigerant is usually considered 
to be isentropic, since the degree of deviation is usually not great unless 
the compressor is cooled by external means. 

If isentropic compression is assumed, the heat equivalent of the work 
of compression per ton of refrigeration is found by taking the product 
of equations 4.11 and 4.10: 


Heat equivalent of compression work = 


200 (hi - h 3 ) 


Btu per (ton) (min) 


(h 3 — hi) 

and the horsepower per ton of refrigeration is given by the equation 


Horsepower per ton = 200 


= 4.717 


'(hi - ha)' 

778 

L(*3 - >ll)J 

.33,000. 


(hi - h 3 ) 
(ha - hi) 


(4.13) 


where 778 is the mechanical equivalent of heat and 33,000 is the foot¬ 
pounds per minute horsepower. The horsepower requirements may also 
be determined for poly tropic compression by means of the poly tropic, 
steady-flow work equation shown in Table 3.1 and equation 4.11. Thus 


Work of compression 
200 


n 


(h 3 - hi) (n - 1) 


(paV 3 - PiVi) (ft)(lb) per (min)(ton) 
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and 

Theoretical power requirements 

200 n 


= (^3 ~ hi) (n - 1 ) 
0.873 np 3 Va 


PzVi 


[fe) •' - ■] 


144 


33,000 

igt - •] 


(n — (hi — hi) 


hp per ton 


hp per ton 


(4.14) 


If compression is isentropic, n — y = c v /c v . Values for y for many 
common refrigerants are given in Table 4.1. 


TABLE 4.1 

' Specific Heats of Refhioera.yt Vapors* 


Refrigerant 

Chemical 

Symbol 

Cp 

Btu per 

(lb)(F) 

c P /c v — y 

Air. 


0.240 

1.40 (-22 to +50 F) 
1.31 (70 F) 

1.29 (50 F) 

1.22 (59 F) 

1.17 (70 F) 

1.26 (60 F) 

1.13 (50 F) 

1.31 (59 F) 

1.28 (77 F), 

1.20 (70 F) 

1.18 (118 F) 

1.15 (60 F) 

1.26 (61 to 396 F) 

1.13 (118 F) 

1.27 (32 F) 

Ammonia .». 

NH* 

0.523 

Carbon dioxide. 

CO, 

0.206 

Ethane. 

C,H, 

C,H 6 C1 

0.413 

Ethyl chloride. 

0.27 

Ethylene. 

C 2 H 4 

0.360 

Dichlorodifluoromethane \ 

CC1,F, 

CH* 

0.147 

(Freon-12) / 

Methane. 

0.528 

Methyl chloride. 

CH.C1 

0.24 

Methylene chloride. 

CHjCl 

CHC1F, 

0.154 

Monochlorodifluoromethane \ 

0.157 

(Freon-22) / 

Propane. 

C»Hs 

0.473 

Sulfur dioxide. 

SO, 

0.154 

Trichloromonofluoromethane [ 

CCljF 

0.138 

(Freon- 11 ) / 

Water vapor . 

H,0 

0.466 



* One atmosphere pressure. Temperatures shown parenthetically. 


If the compressor cylinders are jacketed, an appreciable amount, of 
heat may be rejected to the cooling water during compression. If the 
suction and discharge compression conditions are known, this heat 
quantity may be determined from the general energy equation as the 
difference between the heat equivalent of the work of compression and 
the difference between the initial and final enthalpies. Thus 
Heat rejected to compressor cooling water 
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Coefficient of Performance. The coefficient of performance for a 
reversed Camot-cycle refrigerating machine was derived as 


c.p. 



(4.2) 


For any refrigerating machine operating on any cycle, 

_ heat absorbed in evaporator 
C 'P‘ heat equivalent of net work supplied 


(4.16) 


and, in terms of the enthalpies for the vapor compression cycle with 
isentropic compression, this equation becomes 



(4.17) 


It should be noted that equation 4.13, the theoretical horsepower per ton 
of refrigeration, and equation 4.17, the coefficient of performance, are 
inverse functions with 


Horsepower per ton = ~~~ 


(4.18) 


Heat Removed through Condenser. This term includes all heat removed 
through the condenser, either as latent heat, heat of superheat, or heat of 
liquid. Theoretically, it is equivalent to the heat absorbed in the 
evaporator plus the work of compression. From the product of equations 
4.11 and 4.8 it may be expressed as 


Heat removed through condenser 


= 200 


(h< - hy) 
(h* - A x ) 




Btu per (ton) (min) 


(4.19) 


Volumetric Efficiency. The volumetric efficiencies were discussed in 
§4.7, where the clearance volumetric efficiency was derived as 

Vev = 1 + C — C (4-5) 

and the total volumetric efficiency was derived as 

*'=[ i+c - c fe)‘M: x £ < 4 - 6 » 

where C is the percentage clearance and the subscripts 8 and c refer to 
conditions in the evaporator and the cylinder at the end of the suction 
stroke respectively. 

Actual piston displacement per ton of refrigeration per minute may 
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be determined by dividing the theoretical piston displacement, equation 
4.12, by the total volumetric efficiency, equation 4.6. Thus 

....... , , theoretical piston displacement ,. 

Actual piston displacement =----- (4.20) 

If insufficient data are available for evaluation of the total volumetric 
efficiency, then the clearance volumetric efficiency may be used. How¬ 
ever, the resulting required piston displacement will then err on the low 
side, and a safety factor of from 5 to 25 per cent, depending upon the 
refrigerant, the compression ratio, and the compressor design, should be 
applied. With refrigerants having a small superheat horn, such as 
Freon-12, and with small compression ratios, this factor would tend 
toward the lower figure; with refrigerants having a large superheat horn, 
such as ammonia, and with a higher work of compression, this factor will 
approach the higher figure. 

Actual horsepower per ton of refrigeration may be approximated by 
using the correct value of n in equation 4.14, by using the actual cylinder 
suction and discharge pressures, and by dividing the resulting horsepower 
requirements by the mechanical efficiency. The mechanical efficiency 
is the ratio of the indicated horsepower of the compressor cylinder to the 
horsepower required to drive the compressor. All three of these factors 
cannot be calculated. They may be approximated but are best deter¬ 
mined by actual test. Indicator cards may be used to determine the 
indicated horsepower on large compressors; on small compressors the 
volume of the indicator and its connecting piping is sufficiently large to 
add materially to the compressor clearance volume and thus reduce the 
volume of gas pumped and the work required. The actual capacity 
and power requirements of small condensing units are usually determined 
by their manufacturers through the aid of calorimeter tests. 

Example 4.2. A food-storage locker requires a refrigeratibn system of 12- 
tons capacity at an evaporator temperature of 20 F and a condenser temperature 
of 86 F. The refrigerant, ammonia, is subcooled 9 F before entering the expan¬ 
sion valve, and the vapor is superheated 9 F before leaving the evaporator coil. 
Compression of the refrigerant is adiabatic, and compressor valve throttling and 
clearance are to be disregarded. A two-cylinder vertical single-acting compressor 
with stroke equal to 1.5 times the bore is to be used operating at 900 rpm. Deter¬ 
mine (a) refrigerating effect, (b) weight of refrigerant to be circulated per minute, 
(c) theoretical piston displacement per minute, (d) theoretical horsepower, (e) 
coefficient of performance, (f) heat removed through condenser, and (g) theo¬ 
retical bore and stroke of compressor. 

Solution: 

(a) Refrigerating effect = 623.3 — 128.5 

(b) By equation 4.11, 

Weight of refrigerant circulated = 

(0.404) (12) = 


= 494.8 Btu per lb 

200 

494.8 

0.404 lb per (min) (ton) 
4.86 lb per min 
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(c) By equation 4.12. 


Theoretical piston displacement = (0.404) (6.10) 

*= 2.46 cu ft per (min) (ton) 
(2.46) (12) = 29.6 cu ft per min 


(d) By equation^ 4.13, 

Theoretical horsepower = 4.717 


/701.9-»-623.3\ 
\623.3* 128.5/ 


= 0.75 hp per ton 
(0.75) (12) = 9 hp 


Alternate solution by equation 4.14: 

(0.873) ( 

Theoretical horsepower =- 

= 0.75 hp 

(e) By equation 4.17, 


f /169.2^ 

.0.31 

J1 -31 _ 1 

1 — 
X- 

00 

to 

1 _ 


(1.31 - 1) (623.3 - 128.5) 
= 0.75 hp per ton 


623.3 - 128.5 
701.9 - 623.3 


= 6.28 


(f) By equation 4.19, 


Heat removed through condenser = 200 ( '* ■ ) 

,\623.3 — 128.5/ 

= 232 Btu per (min) (ton) 

(232) (12) = 2784 Btu per min 

(g) Theoretical cylinder dimensions: 

29.6 

Theoretical piston displacement per cylinder = = 14.8 cu ft per min 

z 

Pumping capacity per compressor cylinder = (piston area) (stroke) (rpm) 

Qr)(<P)(1.5)(900) 

(4)(1728) 

Bore = d = 2.89 in. 

Stroke = 1.5 d = 4.34 in. 

Example 4.3. If the compressor in Example 4.2 has 2 per cent clearance, 
determine (a) the clearance volumetric efficiency, (b) corrected piston displace¬ 
ment, and (c) bore and stroke of compressor. 

Solution: 

(a) By equation 4.5, 

= 1 + 0.02 - 0.02 
= 0.968 


(b) By equation 4.20, 

Piston displacement 


29.6 

0.968 


30.6 cu ft per min 
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(c) Cylinder dimensions: 

30 6 

Piston displacement per cylinder = ~~ = 15.3 cu ft per min 


(x)(d s )(l*.5)(900) 


= 15.3 


(4)(1728) 

Bore = d = 2.92 in. 

Stroke = 1.5d = 4.38 in. 

Example 4.4. If the compressor in Example 4.3 has a suction-valve pressure 
drop of 4 psi and a discharge-valve pressure drop of 2 psi, determine (a) the 
piston displacement, (b) horsepower, (c) coefficient of performance, (d) heat 
removed through condenser, and (e) bore and stroke of compressor. 

Solution: 

(a) By equation 4.6, 


=o - 968 (tH )- om8 


By equation 4.20, 


Piston displacement = ‘ ■ = 33.3 cu ft per min 

(J.OOO 


ALTERNATE SOLUTION! 


By equation 4.5, using cylinder pressures, 


Vct =. 1 + 


002 - 002 (sM) 1 ’’ 


= 0.964 


By equation 4.12 and 4.20, using V„ at fylinder suction pressure, 
x , x (200)(6.65)(12) 

P-ton d '>P l ‘ ce "' e " t - (494.8K0.964) 

= 33.5 cu ft per min 

(b) By equation 4.13, 

Horsepower = 4.717 ( 62 3 3 _ 128 5 / = 0,82 hp P 61 " ton 


(c) By equation 4.18, 


(d) By equation 4.19, 


(0.82) (12) = 9.84 hp 


4 - 717 R 

C -P- = TToo" = 5 - 76 


Heat removed through condenser = 200 


/ 709 - 128.5 \ 
\623.3 - 128.5/ 


= 235 Btu per (ton) (min) 
(235) (12) = 2820 Btu per min 

(e) Bore and stroke of compressor: 

(x)(d 3 )(1.5)(900) _ 33.5 
(4)(1728) 2 

Bore = d = 3.01 in. 

Stroke = 1 ,5d = 4.51 in. 
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Example 4.5. If the compressor of Example 4.4 is water-jacketed so that 
compression follows the polytropic path n = 1.2 and the mechanical efficiency is 
80 per cent, determine (a) the theoretical horsepower, (b) actual horsepower, 
(c) heat rejected to compressor cooling water, and (d) heat rejected to condenser 
cooling water. 

Solution: 


(a) By equation 4.14, 


Horsepower = 


(0.873)(1.2)(44.21)(6.65) 12 - l] 


(0.79) (12) = 9.48 hp 


(1.2 - 1) (623.3 - 128.5) 
= 0.79 hp jjcr ton 


(b) Actual horsepower: 

9.48 

0.80 

11.86 

12 


11.86 hp 
0.99 hp per ton 


(c) By equation 4.15, 


Heat rejected to compressor cooling water 


(1.2) (144) (44.21) (6.65) [(^^) _r5_ - l] 


(0.2) (778) 

= 30.3 Btu per lb 

(30.3) (4.86) = 147.3 Btu per min 

(d) By equation 4.19, 

Heat rejected through condenser 


- (676 - 623.6) 


= 200 (e&k-la&s) = 2212 Btu *** (ton) (min) 


(221.2)(12) = 2654 Btu per min 
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PROBLEMS 

4 . 1 . Determine the coefficient of performance for a Camot-cycle refrigerat¬ 
ing machine and for a Camot-cycle heat pump operating between a condenser 
temperature of 86 F and an evaporator temperature of (a) 50 F, (b) 30 F, (c) 
10 F, and (d) -10F. 

4 . 2 . What is the clearance volumetric efficiency for an ammonia compressor 
designed with 4 per eent clearance and operating between condenser and evapo¬ 
rator temperatures of. (a) 86 F and 40 F, (b) 86 F and 5 F and (c) 86 F and 
-40 F? 

4 . 3 . (a) Solve Problem 4.2 if the clearance is 2 per cent; (b) if the refrigerant 
is dichlorodifluoromethane (Freon-12) and the clearance is 4 per cent. 

4 . 4 . A compressor is designed with 2 per cent clearance and is operated 
between a condenser temperature of 80 F and an evaporator temperature of 10 F. 
If the cylinder suction pressure is 3 psi below the evaporator pressure, and the 
suction gases are superheated 15 F after entering the compressor and before the 
start of compression, determine the total volumetric efficiency when the refriger¬ 
ant is (a) ammonia, (b) Freon-12, (c) Freon-22, and (d) methyl chloride. 

4 . 5 . A methyl chloride refrigeration system operates between 90 F con¬ 
densing and 0 F evaporating. If the theoretical cycle of operation with dry 
compression is assumed, determine (a) refrigerating effect, (b) weight of refriger¬ 
ant circulated per (min)(ton of refrigeration), (c) piston displacement per (min) 
(ton of refrigeration), (d) horsepower required per ton of refrigeration, (e) 
coefficient of performance, and (f) heat removed through condenser per (min) 
(ton of refrigeration). 

4 . 6 . Solve Problem 4.5 if wet compression is assumed. 

4 . 7 . Determine the quality of the refrigerant leaving the expansion valve 
and leaving the evaporator for Problems 4.5 and 4.6. 

4 . 8 . A four-cylinder single-acting compressor with 3-in. bore and 4-in. 
stroke operates at 600 rpm. Freon-12 is the refrigerant, and the condenser and 
evaporator pressures are 107.9 and 26.51 psia, respectively. If compression is 
isentropic, the clearance is 2 per cent and there is no subcooling or superheating 
of the refrigerant, determine (a) refrigerating capacity in tons and also in Btu per 
hr, (b) theoretical horsepower when operating under full capacity, (c) horsepower 
when operating under full capacity with n = 1.17, (d) heat added during com¬ 
pression when n = 1.17, and (e) heat rejected to condenser cooling water per 
hour. 

4 . 9 . Derive equation 4.15 from the general energy equation. 

4 . 10 . Saturated ammonia vapor is compressed from an evaporator pressure 
of 34.27 psia to a condenser pressure of 169.2 psia. The pressure drop is 4 pei 
through the suction valves and 6 psi through the discharge valves"; n is 
equal to 1.15. Find (a) the error introduced in calculating the work of com¬ 
pression if the valve losses are neglected and if compression is assumed to be 
isentropic, and (b) heat rejected to the cooling water per pound of refrigerant 
during the actual compression process. 

4 . 11 . What would be the necessary bore and stroke of a single-acting four- 
cylinder 350-rpm compressor operating upon a simple saturation cycle between 
the temperatures of 100 and 10 F and developing 12 tons of refrigeration when the 
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refrigerant is (a) ammonia, (b) methyl chloride, and (c) Freon-11? Assume 
stroke equal to 1.5 times bore and a total volumetric efficiency of 100 per cent. 

4 . 12 . A refrigeration system is operating with 75 F condenser temperature, 
10 F evaporator temperature, 5 F subcooling of the liquid refrigerant leaving the 
condenser, and 7 F superheating of the vapor leaving the evaporator. Com¬ 
pression is isentropic and the clearance is 2 per cent. Neglect valve losses and 
additional superheating of gases entering the compressor. Determine the required 
cylinder displacement per (ton of refrigeration) (min) when (a) the refrigerant is 
Freon-12, (b) the refrigerant is Freon-22, (c) the evaporator temperature is lowered 
to —40 F and the refrigerant is Freon-12, and (d) the evaporator temperature is 
40 F and the refrigerant is Freon-22. 

4 . 13 . A Freon-12 refrigerating system is operating with a condensing tem¬ 
perature of 86 F and an evaporating temperature of 25 F. (a) If the liquid line 
from the condenser is soldered to the suction line from the evaporator to form a 
simple heat exchanger, and if as a result of this the saturated liquid leaving the 
condenser is subcooled 6 F, how many degrees will the saturated vapor leaving 
the evaporator be superheated? Assume no external gain or loss of heat from 
this heat exchanger, (b) Determine the theoretical coefficient of performance 
with and without this heat exchanger. Assume isentropic compression. 

4 . 14 . A food-freezing system requires 20 tons of refrigeration at an evaporator 
temperature of — 30 F and a condenser temperature of 72 F. The refrigerant, 
Freon-22, is subcooled 6 F before entering the expansion valve, and the vapor is 
superheated 7 F before leaving the evaporator. Compression is isentropic, and 
valve throttling and clearance are to be disregarded. A six-cylinder single-acting 
compressor with stroke equal to bore is to be used, operating at 1500 rpm. 
Determine (a) the refrigerating effect, (b) weight of refrigerant to be circu¬ 
lated per minute, (c) theoretical piston displacement per minute, (d) theoretical 
horsepower, (e) coefficient of performance, (f) heat removed through condenser, 
and (g) theoretical bore and stroke of compressor. 

4 . 16 . The compressor of Problem 4.14 has 3 per cent clearance; suction- and 
discharge-valve pressure drops of 5 and 7 psia, respectively; polytropic compres¬ 
sion with n = 1.15; superheating of the vapor after passing the suction valves 
and before compression of 18 F; and a mechanical efficiency of 75 per cent. 
Determine (a) clearance volumetric efficiency, (b) total volumetric efficiency, 
(c) piston displacement per minute, (d) theoretical horsepower, (e) actual horse¬ 
power, (f) heat rejected during compression, (g) heat rejected to condenser 
cooling water, and (h) gallons of cooling watei* required per minute if temperature 
rise is 10 F. 


CHAPTER 5 


Refrigerants 

6.1. Introduction. Any substance that absorbs heat through expan¬ 
sion or vaporization may be termed a refrigerant. In the broadest sense 
of the word the term “refrigerant” is also applied to such secondary 
cooling mediums as brine solutions or cold water. As commonly inter¬ 
preted, however, refrigerants include only those working mediums which 
pass through the cycle of evaporation, recovery, compression, condensa¬ 
tion, and liquefaction. Thus, circulating cold mediums are not primary 
refrigerants, nor are cooling mediums such as ice and solid carbon dioxide. 

5.2. Common Refrigerants. Desirable refrigerants are those which 
possess chemical, physical, and thermodynamic properties that permit 
their efficient application and service in practical designs of refrigerating 
equipment. In addition, if the volume of the charge is large, there should 
be no danger to health and property in case of its escape. A great variety 
of substances, among which are butane, carbon tetrachloride, ethane, 
hexane, methane, pentane, propane, and chloroform, have been applied 
to refrigerating systems but found to be of little practical use. These 
and similar materials are either highly explosive and flammable or possess 
other combinations of undesirable properties. 

Many of the refrigerants used in the United States during the past 
few years are listed in Table 5.1, along with their chemical formulas and 
a few of their more important thermal and physical properties. Those 
with widest application at present are ammonia, the Freon group, methyl 
chloride, sulfur dioxide, and water vapor. The fields of application for 
which the refrigerants listed in Table 5.1 commonly have been selected 
are summarized in the following sections. 

6.3. Air. Air was one of the earliest refrigerants and was widely used 
even as late as World War I wherever a completely non toxic medium was 
needed. Although air is free of cost and completely safe, its low coeffi¬ 
cient of performance makes it unable to compete with the present-day 
nontoxic refrigerants. Only where operating efficiency is secondary, as 
in aircraft refrigeration (see Chapter 7), does air find any modem applica¬ 
tion as a refrigerant. 

5.4. Ammonia. Ammonia is one of the oldest and most widely used 
of all refrigerants. It is highly toxic and flammable. It has a boiling 
point of —28.0 F and a liquid specific gravity of 0.684 at atmospheric 
pressure. Its greatest application has been in large industrial and com¬ 
mercial reciprocating compression systems where high toxicity is second- 
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ary. For industrial application it has been found valuable because of its 
low volumetric displacement, low ccst, low weight of liquid circulated 
per ton of refrigeration, and high efficiency. However, in recent years 
there has been some decrease in the volume of new installations using 
ammonia. It is also widely used as the refrigerant in absorption systems. 

5.6. Carbon Dioxide. Carbon dioxide, a colorless and odorless gas, 
is heavier than air. It has a boiling point of —109.3 F and a liquid 
specific gravity of 1.56 at atmospheric pressure. It is nontoxic and non¬ 
flammable but has extremely high operating pressures. Because of the 
high horsepower requirements per ton of refrigeration and the high 
operating pressures, it has received only limited usage. In former years 
it was selected for marine refrigeration, for theater air-conditioning 
systems, and for hotel and institutional refrigeration instead of ammonia 
because it is nontoxic. The Freon group have largely supplanted it for 
these applications. At the present time its use is limited primarily to 
the manufacture of dry ice (solid carbon dioxide). The cycle efficiency 
can be improved by the use of two-stage compression, and when applied 
in this manner carbonic refrigeration has received some usage. It has 
also been used for very low-temperature work by adapting it to a binary 
or “cascade” cycle, in which the efficiency is improved by using carbon 
dioxide in the low-temperature stage and ammonia or some other refriger¬ 
ant in the high-temperature stage. 

5.6. The Freons. Freon is the trade name adopted for the following 
group of refrigerants: trichloromonofluoromethane (Freon-11 or Carrene- 
2), CCUF; dichlorodifluoromethane (Freon-12), CC1 2 F 2 ; monochlorotriflu- 
oromethane (Freon-13), CC1F 3 ; tetrafluoromethane (Freon-14), CF«; 
dichloromonofluoromethane (Freon-21), CHC1 2 F; monochlorodifluoro- 
methane (Freon-22), CHC1F 2 ; trichlorotrifluoroethane (Freon-113), 
CCI 2 F—CC1F 2 ; and dichlorotetrafluoroethane (Freon-114), C 2 C1 2 F4. 
They are almost universally referred to by their trade names. Freon-11 
or Carrene-2 has a boiling point of 74.7 F; Freon-12, —21.6 F; Freon-13, 
— 114.5 F; Freon-14, —198.2 F; Freon-21, 48.0 F; Freon-22, —41.4 F; 
Freon-113, 117.6 F; and Freon-114, 38.4 F. The entire group is clfear and 
water-white in color and has a somewhat ethereal odor similar to that of 
carbon tetrachloride: They are all nonflammable and for all practical 
purposes nontoxic. Freon-11, or Carrene-2, is widely used for centrifugal 
refrigeration. In this field it has almost completely supplanted dichloro- 
ethylene and methylene chloride (Carrene-1). Freon-12, the most 
widely used of the Freon group, is generally applied to reciprocating 
compressors. It has received its widest use in air-conditioning applica¬ 
tions where nontoxic, nonflammable refrigerants are required. Freon-21 
and Freon-114 have been applied by several manufacturers to rotary 
compressors in domestic refrigerators. They have also been used experi¬ 
mentally for absorption refrigeration. Freon-22 has been developed for 
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reciprocating-compressor applications below —20 F, and Freon-13 and 
Freon-14 are intended for extremely low-temperature usage. Freon-22, 
however, may receive wide application in higher temperature installations 
in the future if increased volume of production will permit a lowering of 
cost. Its favorable characteristics may allow it to compete successfully 

TABLE 5.2 

Composition and Boiling Temperatures* of Halide Refrigerants 


Freon-116 

CiFe 

(—108 F) 


Freon-115 
C s C1F 6 
(-36 F) 


Freon-14 

CF« 

(-198 F) 


Freon-114 
C 2 Cl 2 F 4 
(38 F) 


Freon-23 
(Fluoro- 
form) 
CHF, 
(-116 F) 


Freon-13 
CC1F, 
(-112 F) 


Freon-113 
C 2 C1,F, 
(117 F) 


Freon-32 
CH 2 F 2 
(-62 F) 


Freon-41 
CH*F 
(-108 F) 


Methane 

CH 4 

(-250 F) 


Freon-22 

CHC1F 2 


Freon-31 
CH 2 CIF 
(16 F) 


Methyl 
chloride 
CH*C1 
(-11 F) 


Freon-12 
CCI 2 F 2 
(-22 F) 


Freon-112 
C 2 C1 4 F 2 
(197 F) 



Freon-21 
CHC1 2 F 
(48 F) 

Freon-11 
CC1.F 
(75 F) 


Freon-111 
C 2 C1 s F 
(279 F) 


Methyl¬ 

ene 

chloride 

Chloro¬ 
form 
CHCL 
(142 F) 

Carbon 

tetra¬ 

chloride 


Hexa- 

chloro- 

ethane 

CH 2 C1 2 
(104 F) 

CC1 4 
(171 F) 


C 2 C1 6 
(365 F) 



Number of Chlorine Atoms 

* Boiling temperatures at atmospheric pressure shown parenthetically. 
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with ammonia and possibly with Freon-12 for general refrigeration 
purposes. 

Table 5.2 shows the relationship of halogen content and boiling tem¬ 
peratures for most of the commonly used halide refrigerants. As was 
pointed out in §5.2, some of the compounds, such as carbon tetrachloride, 
chloroform, and methane, have been found unsatisfactory for general use 
as refrigerants although they have been used for this purpose experi¬ 
mentally. Others, such as methyl chloride and some of the Freon group, 
are widely applied as refrigerants. The Freon group have all been 
synthesized expressly for refrigeration purposes: It may be concluded 
from an analysis of this table that there are still many untried possibilities 
for the development of synthesized refrigerants in either the halide or 
other groups. 

5.7. Methyl Chloride. Methyl chloride, CHgCl, is a colorless liquid 
with a faint, sweet, nonirritating odor. Methyl chloride was introduced 
about 1920 in the United States for refrigeration purposes and is now 
widely used. It replaced ammonia and carbon dioxide for many new 
installations in the 1920’s and early 1930’s and was widely used during 
World War II as a substitute for Freon, then unavailable. Its use, how¬ 
ever, appears to be definitely on the decline. It has a boiling point of 
— 10.6 F and a liquid specific gravity of 1.002 at atmospheric pressure. 
It is to a certain degree both flammable and toxic. Methyl chloride has 
been used in domestic units with both reciprocating and rotary compres¬ 
sors and in commercial units with reciprocating compressors up to 
approximately 10-tons capacity. 

6.8. Sulfur Dioxide. Sulfur dioxide, S0 2 , a colorless gas or liquid, is 
extremely toxic and has a pungent irritating odor. It is nonexplosive 
and nonflammable, and has a boiling point of 13.8 F and a liquid specific 
gravity of 1.36. It is at present one of the most prevalant of all refrig¬ 
erants in domestic systems, primarily because of the large number of 
sulfur dioxide domestic units built in the 1930’s. It has been applied to 
both reciprocating and rotary compressors. With such applications the 
volume of refrigerant charge is small, and there is little danger of fatal 
concentrations resulting through refrigerant leakage. Sulfur dioxide 
has also been used to a considerable extent in small-tonnage commercial 
machines. However, the volume of new units using sulfur dioxide as a 
refrigerant is small. 

6.9. Water Vapor. Water vapor, H 2 0, is the cheapest and probably 
the safest of all refrigerants. However, because of its high freezing 
temperature of 32 F, it is limited in application to high-temperature 
refrigeration. Its application has been to steam-jet refrigeration and to 
centrifugal compression refrigeration. It is, of course, nontoxic, non¬ 
flammable, and nonexplosive. Because of its high-temperature limita¬ 
tions and its complete safety, it has been used principally for comfort 
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air-conditioning applications and to some extent for water cooling. The 
physical and thermal properties of water vapor are well known and 
hence are not discussed further in this chapter. 

6.10. Hydrocarbon Refrigerants. Many of the hydrocarbons are 
used as refrigerants in industrial installations, where they are frequently 
available at low cost. These include butane (C4H10), isobutane (C4H10), 
propane (CjH 8 ), propylene (CjH 6 ), ethane (C 2 H«), and ethylene (C2H4). 
However, they are all highly flammable and explosive, and therefore 
their use has been limited principally to the chemical and refining indus¬ 
tries, where similar hazards already exist. They all possess satisfactory 
thermodynamic properties. 

Several of the hydrocarbons, including propane, ethane, and ethylene, 
exhibit promise for use as refrigerants at —100 F or lower. Ethylene 
has a saturation temperature of —176.3 F at a pressure of 6.75 psia and 
makes an excellent refrigerant when used in a cascade system with an 
auxiliary cycle. 

Isobutane was used by one manufacturer of domestic refrigerators in 
a rotary compressor until 1933 but has no such application at the present 
time. Propane has received limited use as both the motive fuel and 
the refrigerant in a refrigerated truck unit. Such a cycle is termed 
transitory, the propane first passing through the evaporator and then to 
the engine. 

6.11. Halogenated Hydrocarbons and Other Refrigerants. Chemical 
compounds formed from methane (CH4) and ethane (CjH«) by the 
substitution of chlorine, fluorine, or both, for part of their hydrogen 
content are termed halogenated hydrocarbons. Many refrigerants, 
including methyl chloride and the Freons, are included in this group. 
Some of the others are described below. 

Dichloroethylene (Dielene), C 2 H 2 C1 2 , is a colorless liquid with a boiling 
point of 118.0 F and a liquid specific gravity of 1.27. It has a strong, 
nonirritating odor similar to that of chloroform and is to a limited extent 
both toxic and explosive. Its principal application has been in centrif¬ 
ugal compression systems, in which it received limited usage in the 
1920’s. In recent years it has been supplanted by methylene chloride 
and trichloromonofluoromethane. 

Ethyl chloride, C 2 H 6 C1, is a colorless liquid with a boiling point of 
54.5 F. It is to a certain degree both toxic and flammable, and is similar 
in many respects to methyl chloride but with lower operating pressures. 
It is not used in refrigerating equipment at the present time but has in 
the past been selected for both rotary and reciprocating compressors. 

Methylene chloride (Carrene-1), CH 2 C1 2 , is a clear, water-white liquid 
with a sweet, nonirritating odor similar to that of chloroform. It has a 
boiling point of 103.6 F and a liquid specific gravity of 1.291. It is 
nonflammable and nonexplosive and is toxic only at comparatively high 
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concentrations. Methylene chloride is used by several manufacturers 
in domestic rotary compressors and has found some use commercially 
for absorption refrigeration because of its low toxicity and absence of 
fire hazard. It has been used successfully in centrifugal compressors 
but has been supplanted in recent years by Freon-11 (Carrene-2). 

Methyl formate , C 2 H 4 0j, not one of the halogenated hydrocarbons, 
is a relatively new refrigerant. It has a boiling point of 89.2 F and a 
liquid specific gravity of 0.982 at atmospheric pressure. It is highly 
toxic, flammable, and explosive. It has been used to some extent in 
domestic-refrigeration rotary compressors. 

5.12. Comparison of Refrigerants. In the choice of a refrigerant it 
should be remembered that as yet no one substance has proved the ideal 
working medium under all operating conditions. The characteristics of 
some refrigerants made them desirable foi ise with reciprocating com¬ 
pressors. Other refrigerants are best adapted to centrifugal or rotary 
compressors. In some applications toxicity is of negligible importance, 
whereas in others, such as comfort cooling, a nontoxic and nonflammable 
refrigerant is essential. The requirements of a refrigerant to be used for 
low-temperature work are different from those for high-temperature 
v applications. ^Therefore in select mg the correct refrigerant it is neces¬ 
sary to determine those properties which are most desirable and to choose 
the one most closely approaching the ideal for the particular application. 
This section compares the respective merits of the common refrigerants. 

Evaporator and Condenser Pressures. It is desirable that both con¬ 
denser and evaporator pressures be positive, yet not too high above 
atmospheric pressure. Positive pressures prevent leakage of air and 
moisture into the system and also make it easier to detect leaks. How¬ 
ever, if the pressures are high, heavy construction of compressor, evapora¬ 
tor, and condenser is usually necessary, resulting in an increased initial 
cost and a less compact system. High operating pressures also tend to 
increase power consumption. 

Figure 5.1 shows graphically the pressure-temperature relationships 
for refrigerants when operating between — 60 F and 200 F. Table 5.3 
presents evaporator and condenser pressures, operating-pressure differ¬ 
ences, and compression ratios for various refrigerants when operating on 
the standard cycle of 5 F evaporator and 86 F condenser, and also on the 
cycle between 40 F evaporator and 100 F condenser. The refrigerants in 
this table are arranged in order of increasing pressures. Carbon dioxide 
is the only refrigerant having operating pressures sufficiently high to offer 
any great structural difficulty for equipment. 

Almost any refrigerant can be used in conjunction with any type of 
compressor if proper attention is given to design. However, reciprocat¬ 
ing compressors are inherently well adapted for use with refrigerants 
having low specific volumes, high operating pressures, and high operating- 
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pressure differentials. With reciprocating compressors the displacement 
is positive but is limited by the cylinder size and piston speed. Such 
compressors are capable of developing high pressures but can handle 
only relatively low refrigerant volumes. However, high evaporator 
pressures automatically" result in low specific volumes at the beginning of 
compression. Because of the definite temperature-pressure relationship 
at saturation, refrigerants associated with high operating pressures also 
have low boiling points at atmospheric pressure. Thus the refrigerants 
usually selected for reciprocating compressors are the ones with boiling 
points below 30 F and with pressure differentials of approximately 
50 lb per square inch or higher. Carbon dioxide, ammonia, Freon-12, 
Freon-22, methyl chloride, and sulfur dioxide come within this group. 

Because centrifugal compressors do not offer positive displacement, 
they are best adapted to refrigerants operating at low pressure dif¬ 
ferentials and under low evaporator and condenser pressures. They are, 
however, capable of moving large volumes of refrigerant gas. Refrig¬ 
erants such as Freon-11 and methylene chloride, with operating-pressure 
differentials of less than 22 lb per square inch and with low-side pressures 
of approximately 3 lb per square inch or less, are generally used with 
centrifugal compression. Rotary compressors are best adapted to 
refrigerants with intermediate pressures and pressure differentials. 
Pressure differentials falling between approximately 20 and 30 lb per 
square inch are commonly used. 

Critical Temperature and Pressure. If the critical temperature of a \ 
refrigerant is too near the desired condensing temperature, excessive 
power consumption results. Table 5.4 presents the critical temperatures 1 
and pressures for the common refrigerants arranged in order of decreasing 
temperature. With the exception of carbon dioxide, all critical tempera¬ 
tures shown are well above normal condensing temperatures. For 
carbon dioxide, however, the critical temperature is 87.8 F; and since 
this is only slightly higher than most condensing temperatures, exces¬ 
sively high pressures result, which necessitate heavy construction of 
equipment and cause excessive power consumption. 

Freezing Temperatures. Table 5.5 shows the common refrigerants ' 
arranged in order of increasing freezing temperature. The refrigerant 
chosen must have a freezing point well below any temperature that is to 
be encountered in operation. Since all freezing temperatures shown are 
below —30 F, this requirement becomes a factor only in low-temperature 
operation. 

Cost. In fractional-tonnage systems requiring-only a small refrigerant 
charge, refrigerant cost becomes a relatively unimportant factor. How¬ 
ever, in large systems both the initial and the maintenance costs are 
influenced by the tightness of construction and the leakage tendency of 
the refrigerant. The rate of leakage is known to be inversely proportional 
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TABLE 5.4 

Refrigerant Critical Temperatures and Pressures 


Refrigerant 

Critical Point 

Temperature, F 

Pressure, psia 

Water. 

706.1 

3226. 

Dichloroethylene (Dielene). 

470.0 

795. 

Methylene chloride (Carrene-1). 

.421.0 

640.0 

Methyl formate. 

418.0 

607.0 

Trichlorotrifluoroethane (Freon-113). 

417.4 

495. 

Trichloromonofluoromethane (Freon-11, Car- 
rene-2). 

388.4 

635.0 

Ethyl chloride. 

369.0 

764.0 

Dichloromonofluoromethane (Freon-21). 

353.3 

750. 

Sulfur dioxide. 

314.8 

1141.5 

Methyl chloride. 

289.6 

969.2 

Isobutane. 

272.7 

557.1 

Ammonia. 

271.2 

1651. 

Dichlorodifluoromethane (Freon-12). 

232.7 

582.0 

Monochlorodifluoromethane (Freon-22). 

204.8 

716.0 

Carbon dioxide. 

87.8 

1069.9 


TABLE 5.5 

Refrigerant Freezing Temperatures 


Refrigerant Freezing Point , F 

Monochlorodifluoromethane (Freon-22). —256.0 

Dichlorodifluoromethane (Freon-12). —252.4 

Isobutane. —229.0 

Ethyl chloride. —217.7 

Dichloromonofluoromethane (Freon-21). —211.0 

Trichloromonofluoromethane (Freon-11—Carrene-2). —168.0 

Methyl formate. —147.5 

Methyl chloride. —143.7 

Methylene chloride (Carrene-1). —142.0 

Ammonia. —107.9 

Sulfur dioxide. — 98.9 

Dichloroethylene (Dielene). — 70.0 

Carbon dioxide. — 69.9 

Trichlorotrifluoroethane (Freon-113). — 31.0 


to the square root of the molecular weight, besides being dependent upon 
such factors as pressure difference, diffusion rate, viscosity, density, and 
capillarity. 

Coefficient of Performance and Power Requirements . The Camot-cycle 
coefficient of performance is 5.74 for an ideal refrigerant operating between 
86 F condenser and 5 F evaporator. The coefficient of performance for 
the common refrigerants operating between these same temperatures on 
the vapor refrigeration cycle are arranged in decreasing order in Table 5.6. 
The last column of this table also shows the theoretical horsepower 
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required per standard ton. If the volumetric and thermal efficiencies 
remain constant, the horsepower required per standard ton is inversely 
proportional to the coefficient of performance. 

TABLE 5.6 

Coefficient of Performance and Power Requirements for Various 

Refrigerants 


Refrigerant 


Carnot cycle. 

Dichloroethylene (Dielene). 

Dichlororaonofluoromethane (Freon-21). . . . 
Trichloromonofluoromethane (Freon-11, 

Carrene-2). 

Methyl chloride. 

Methylene chloride (Carrene-1). 

Ammonia. 

Trichlorotrifluoroethane (Freon-113). 

Sulfur dioxide. 

Dichlorodifluoromethane (Freon-12). 

Monochlorodffluoromethane (Freon-22). 

Carbon dioxide... 


Coefficient of 
Performance 
(Standard 
Cycle 86 F 
Condenser 

5 F Evapo¬ 
rator) 

| 

Efficiency 
(% Carnot 
Cycle) 

HP per ton 
(Standard 
Cycle 86 F 
Condenser 

5 F Evapo¬ 
rator) 

5.74 

100.0 

0.82 

5.14 

89.4 

0.92 

5.09 

88.8 

0.93 

5.14 

87.8 

0.94 

4.90 

85.3 

0.96 

4.90 

85.3 

0.96 

4.85 

84.5 

0.99 

4.79 

83.5 

1.00 

4.73 

82.5 

1.00 

4.72 

82.2 

1.00 

4.56 

79.4 

1.04 

2.56 

44.6 

1.84 

! 


Practically all refrigerants in common use have approximately the 
same coefficients of performance and horsepower requirements. The one 
exception shown in Table 5.6 is carbon dioxide, with a power requirement 
of 1.84 hp per ton and a coefficient of performance of 2.56. These 
poor properties may be attributed directly to carbon dioxide’s very low ' 
critical point. 

Vapor and Liquid Refrigerant Densities. Low refrigerant densities 
are generally preferable, since they.permit the use of smaller suction and 
discharge lines without excessive pressure drops. With centrifugal 
compressors, however, a high vapor density is desirable because the 
centrifugal force imparted to the gas is directly proportional to the vapor 
density. 

Since the velocities in liquid lines are comparatively low, no great 
advantage is gained by using a low-density refrigerant to obtain a lower 
pressure drop. However, if the evaporator is located on a different level 
than the condensing unit, the static head of the refrigerant in the liquid 
line will be smaller with a low-density liquid. An appreciable static 
head will result in a reduction in pressure on the high side of the expansion 
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valve. This pressure reduction will cause a portion of the liquid to boil 
and thus will require that the expansion valve handle both liquid and gas. 
To overcome this difficulty, liquid heat exchangers are frequently 
installed so that the refrigerant is subcooled before entering the liquid 
line. Table 5.7 shows vapor and liquid densities for practical refrigerants 
arranged in order of decreasing vapor density. 


TABLE 5.7 

Refrigerant Vapor and Liquid Densities 


Refrigerant 

Vapor Density, 
lb per cu ft 

Liquid Density 
at 86 F, 


5 F 

86 F 

lb per cult 

Carbon dioxide. 

3.741 

21.09 

37.4 

Monochlorodifluoromethane (Freon-22).. . 

0.803 

3.212 

73.4 

Dichlorodifluoromethane (Freon-12). 

0.673 

2.569 

80.6 

Methyl chloride. 

0.221 

0.925 

55.8 

Isobutane. 

0.156 

0.658 

34.1 

Sulfur dioxide. 

0.115 

0.844 

84.4 

Ammonia. 

0.122 

0.564 

t3?T2) 

Dichloromonofluoromethane (Freon-21). . 
Trichloromonofluoromethane (F reon-11, 

0.110 

0.577 

to 

Carrene-2). 

0.082 

0.446 

91.4 

Ethyl chloride. 

0.058 

0.299 

55.0 

Trichlorotrifluoroethane (Frcon-113). 

0.037 

0.257 

97.0 

Methyl formate. 

0.021 

0.141 , 

61.0 

Methylene chloride (Carrcne-1). 

0.020 

0.150 

83.3 


Latent Heat. A high latent heat at the evaporator temperature is 
desirable because it is usually associated with a high refrigerating effect 
per pound of refrigerant circulated. This high refrigerating effect in turn 
reduces the required weight of refrigerant to be circulated per ton of 
refrigeration. Table 5.8 gives the refrigerating effect for various refrig¬ 
erants operating on the standard cycle. In addition, the latent heat, 
the weight of refrigerant circulated per ton, and the volume of the liquid 
refrigerant circulated per ton are shown. 

It is sometimes found on fractional-tonnage equipment that the cir¬ 
culation of a low weight of refrigerant is detrimental from the standpoint 
of control operation. Greater refrigerant volumes necessitate less sensi¬ 
tive controls, and the adjustments are generally less critical. 

Specific Volume. The vapor displacement required of a compressor 
is dependent upon the specific volume of the refrigerant gas at evaporator 
temperature and the refrigerating effect per pound of refrigerant. A low 
vapor displacement per ton of refrigeration is necessary for satisfactory 
operation of reciprocating compressors because of the comparatively 
small displacement available. Centrifugal compressors operate satis- 
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factorily with refrigerants requiring very high vapor displacements and 
with rotary compressors with refrigerants requiring intermediate vapor 
displacements. 


TABLE 5.8 

Refrigerating Effect and Quantity of Refrigerant Required per Ton 


Refrigerant 

Refriger¬ 
ating 
Effect, 
Btu 
per lb 
(Standard 
Cycle 

5 F to 

86 F) 

Latent 
Heat 
of Vapor¬ 
ization 
at 5 F, 
Btu per 
lb 

Weight 
Refriger¬ 
ant Cir¬ 
culated 
per 

Standard 
Ton, 
lb per 
min 

Volume 
Liquid 
Refriger¬ 
ant Cir¬ 
culated 
per 

Standard 
Ton, cu 
in. per 
min 

Ammonia. 

474.5 

565.0 

0.422 

19.6 

Methyl formate. 

189.2 

231.0 

1.056 

29.9 

Methyl chloride. 

150.3 

180.7 

1.330 

41.2 

Sulfur dioxide. 

141.4 

169.4 

1.414 

28.9 

Methylene chloride (Carrene-1). 

134.1 

162.1 

1.492 

30.9 

Isobutane. 

111.5 

159.5 

1.794 

91.1 

Dichloromonofluoromethane (Freon-21).. 

89.4 

109.3 

2.237 

45.7 

Monochlorodifluoromethane (Freon-22). . 
Trichloromonofluoromethane (Freon-11, 

69.5 

93.5 

2.877 

67.4 

Carrene-2). 

67.5 

84.0 

2.961 

56.0 

Carbon dioxide. 

55.5 

117.6 

3.603 

166.5 

Trichlorotrifluoroethane (Freon-113). 

53.7 

70.6 

3.726 

66.5 

Dichlorodifluoromethane (Freon-12). 

51.1 

69.5 

3.916 

83.9 


Table 5.9 presents the specific volumes, theoretical piston displace¬ 
ments, and boiling points of the common refrigerants. These are 
arranged in order of increasing specific volume of the refrigerant vapor at 
5 F. The required vapor displacement is almost directly related to the t/ 
boiling point of the refrigerant at atmospheric pressure. Refrigerants 
having low boiling points are usually operated with reciprocating com¬ 
pressors; refrigerants having intermediate boiling points, with rotary 
compressors; and refrigerants having high boiling paints, with centrifugal 
compressors. 

Stability and Inertness. An ideal refrigerant should not decompose at 
any temperature normally encountered and should not form higher 
boiling-point liquids or solid substances through polymerization. Some 
refrigerants used in both compression and absorption systems tend to 
disintegrate, forming gases noncondensable within the operating-pressure 
range and causing high condensing pressures and vapor lock. Disinte¬ 
gration of refrigerants is brought about through disassociation, reaction 
with metals, or the presence of unsaturated hydrocarbons in the lubricat¬ 
ing oil. 
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It is desirable that a refrigerant be inert with respect to all materials 
with which it comes in contact. Care must be taken in the choice of 
packing and of such parts as gaskets. The winding coverings and 
electrical insulations of hermetically sealed units must be carefully 
selected. 


TABLE 5.9 

Specific Volume and Theoretical Piston Displacement for 
Various Refrigerants 


Refrigerant 

Specific 
Volume of 
Vapor at 

5 F, cu ft 
per lb 

Boiling 
Point F 
(Atmos¬ 
pheric 
Pressure) 

Vapor 
Displace¬ 
ment per 
Standard 
Ton, cu ft 
per min 

Ratio 
Vapor 
Displace¬ 
ment to 
That for 
Carbon 
Dioxide 

Carbon dioxide. 

Monochlorodifluoromethane (Freon- 

0.267 

-109.3 

0.943 

1.0 

22). 

1.24 

- 41.4 

3.56 

3.8 

Dichlorodifluoromethane (Freon-12) 

1.49 

- 21.6 

5.82 

6.2 

Methyl chloride. 

4.52 

- 10.6 

6.09 

6.5 

Isobutane. 

6.41 

10.0 

11.5 

12.2 

Sulfur dioxide. 

6.45 

13.8 

9.08 

9.6 

Ammonia. 

Dichloromonofluoromethane (Freon- 

8.19 

- 28.0 

3.44 

3.7 

21). 

Trichloromonof luorom ethane 

9.09 

48.0 

20.4 

21.6 

(Freon-11, Carrene-2). 

12.2 

74.7 

36.3 

38.5 

Trichlorotrifluoroethane (Freon-113) 

27.1 

117.6 

100.8 

106.9 

Methyl formate. 

47.6 

89.2 

49.9 

52.9 

Methylene chloride (Carrene-1). 

50.0 

103.6 

74.50 

79.0 


Under certain conditions ammonia will decompose in either compres¬ 
sion or absorption systems. The exact cause of the decomposition is 
unknown, but it,may possibly be attributed to the release of hydrogen 
through the reaction of moisture and metals. 

Freon is stable unless exposed to temperatures over 1000 F. At such 
high temperatures decomposition occurs, forming both corrosive and 
poisonous products. Since such high temperatures are not reached under 
normal circumstances, this behavior is not necessarily detrimental. The 
Freon refrigerants cannot be used with gasket material containing natural 
rubber, and they act as a solvent with certain types of insulating mate¬ 
rials and varnishes. However, they may be used with either neoprene 
or chloroprene rubber, with pressed fibers having an insoluble binder, 
with metallic gaskets, and with many synthetic resins. 

Methyl chloride, along with most of the halogenated hydrocarbons 
(those containing either chlorine or fluorine, or both), is comparatively 
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stable. However, methyl chloride acts as a solvent on many organic 
materials and composition gaskets in the same manner as Freon. It 
cannot be used in the presence of natural rubber or even with some of the 
neoprene compositions. 

Sulfur dioxide does not decompose until a temperature of about 3000 
F is reached and therefore is one of the most stable of the refrigerants. 
At temperatures normally encountered there is no decomposition by 
contact with metals, but at high temperatures there may be some with 
lubricating oils.. 

Corrosive Properties. Extreme care must be taken that the com¬ 
pressor chosen for use with a given refrigerant contains no metal with 
which that refrigerant reacts. A summary of the conditions favoring 
corrosion for five of the common refrigerants is presented in Table 5.10. 

TABLE 5.10 

Corrosive Properties of Refrigerants 


Refrigerant Conditions Favoring Corrosion 

Ammonia. Pure anhydrous ammonia will dissolve 

copper unless protected by oil film. 
Galvanized or tinned surfaces some¬ 
times affected 

Carbon dioxide. Not corrosive, except to iron and 

copper and then only when both 
moisture and oxygen are present 

Freon refrigerants. Not corrosive to any metals commonly 

used 

Methyl chloride. Corrosive to zinc, aluminum, and 

magnesium alloys in the presence of 
only small amounts of water 

Sulfur dioxide. Corrosive to most metals when water 

is present. Moisture content in 
system should not exceed fifty parts 
per million 


The Freon refrigerants can be used with practically all metals without 
danger of corrosion, and ammonia may be used with iron or steel but not 
with copper or copper compositions. Methyl chloride should not be 
used in any system containing aluminum, zinc, or magnesium parts. 
Sulfur dioxide is noncorrosive to all metals in the absence of water. 
However, since sulfur dioxide reacts with water to form sulfuric acid, 
care must be taken that the system contains not more than 50 parts of 
moisture per million by weight. Although corrosion will probably not 
result until the concentration is above 300 parts per million, sulfur 
dioxide evaporates more readily than water and thereby allows concen¬ 
tration of moisture in the refrigerant liquid. Carbon dioxide is corrosive 
to iron and copper if both moisture and oxygen are present. However, 
corrosion no longer occurs after the oxygen is consumed. 

Dielectric Strength. The electrical resistance of a refrigerant is impor¬ 
tant if it is to be used in a hermetically sealed unit with the motor exposed 
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to the refrigerant. The relative dielectric strength of the refrigerant is 
the ratio of the dielectric strength of the nitrogen-vapor mixture to that 
of nitrogen at atmospheric pressure and room temperature when measured 
in the same gap. Table 5.11 presents in decreasing order the relative 
dielectric strengths of many of the common refrigerants. The Freons 
exhibit the best qualities from this standpoint. 

TABLE 5.11 

Relative Dielectric Strength of Refrigerant Gases 2 


Relative 

Refrigerant Dielectric Strength 

Trichloromonofluoromethane (Freon-11, Carrenc-2). 3.0 

Trichlorotrifluoroethane (Freon-113). 2.6 

Dichlorodifluoromethane (Freon-12). 2.4 

Sulfur dioxide.,. 1.9 

Dichloromonofiuoromethane (Freon-21). 1.33 

Methylene chloride (Carrene-1).:. 1.11 

Methyl chloride. 1.06 

Ethyl chloride. 1.00 

Carbon dioxide. 0.88 

Ammonia. 0.82 


Viscosity. Table 5.12 shows a summary of the liquid and vapor 
viscosities for the common refrigerants within the temperature range of 
5 to 150 F for the vapors and of 5 to 100 F for the liquids. It is desirable 
that both the liquid and the vapor refrigerants have low viscosities 
because of the lower pressure drops in passing through liquid and suction 
lines. Moreover, the heat transfer through condenser and evaporator 
surfaces is improved at low viscosities. 

Thermal Conductivity. For efficient use of both evaporator and 
condenser surfaces, a refrigerant should possess a high thermal conductiv¬ 
ity. Information concerning the thermal conductivities of refrigerants 
is incomplete. Table 5.13 presents the available values for the common 
refrigerants in both the liquid and the vapor phases. 

Although thermal conductivity is one of the important refrigerant 
qualities affecting the efficient use of evaporator and condenser surfaces, 
there are other qualities equally important. Some of these are the sur¬ 
face wetting characteristics of the refrigerant, the solubility and viscosity 
of the lubricating oil used in the system, and the liquid and vapor veloci¬ 
ties. High velocities tend to break down surface film coefficients and 
increase the rate of heat transfer. If chlorine is contained in the refrig¬ 
erant, it serves as a wetting agent that tends to form a better contact 
between the refrigerant and the surface, thus increasing the heat transfer. 
The chlorinated hydrocarbon refrigerants and the Freon group come 
within this classification. 


2 From Charlton, E. E., and Cooper, F. S., “Dielectric Strength of Insulating 
Fluids.” General Electric Review, Vol. 40, No. 9 (September, 1937), p. 438. 
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Adapted from Refrigerating Data Book , 5th ed., 1943, Table 7, p. 59. 
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Oil Effect. Practically all refrigerants are miscible with mineral 
lubricating oils to a certain degree, dependent upon the operating tem¬ 
peratures and pressures, the viscosity and base of the oil, and the design 
of the lubricating system. Refrigerants relatively nonmiscible with 
mineral oil include carbon dioxide, ammonia, sulfur dioxide, and methyl 
formate. Highly miscible refrigerants include Freon-11, Freon-12, 
Freon-21, Freon-22, Freon-113, methylene chloride, isobutane, ethyl 
chloride, and methyl chloride. 


TABLE 5.13 

Therm a i. Conductivity of Refrigerants 


Phase 

Refrigerant 

Temper¬ 

ature 

F 

Thermal 
Conductivity, 
(Btu)(ft) per 
(sq ft)(hr)(F) 

Vapor 

Ammonia. 

32 

0.0128 

Carbon dioxide. 

32 

0.0081 


Isobutane. 

32 

0.0080 


Monochiorodifluoromethane (Freon-22). 

86 

0.0068 


Dichloromonofluoromethane (Freon-21). 

86 

0.0057 


Diehlorodifluoromethane (Freon-12). 

86 

0.0056 


Methyl chloride. 

Trichioromonofluoromethane (Freon-11, Car- 

32 

0.0049 


rene-2). 

Trichlorotrifluoroethane (Freon-113) (j atmos¬ 

86 

0.0048 


phere) . 

86 

0.0045 


Sulfur dioxide. 

32 

0.0045 


Methylene chloride (Carrene-1). 

32 

0.0036 

Liquid 

Ammonia. 

14 to 68 

0.290 

Sulfur dioxide... 

68 

0.200 


Carbon dioxide. 

68 

0.120 


Methyl chloride. 

68 

0.093 


Dichloroethylene (Dielene). 

68 

0.089 


Dichloromonofluoromethane (Freon-21). 

Trichioromonofluoromethane (Freon-11, Car- 

104 

0.067 


rene-2). 

104 

0.059 


Monochiorodifluoromethane (Freon-22). 

104 

0.056 


Trichlorotrifluoroethane (Freon-113). 

104 

0.050 


Diehlorodifluoromethane (Freon-12). 

104 

0.047 


Miscibility should be considered a secondary rather than a determin¬ 
ing factor in the choice of a refrigerant. However, with nonmiscible 
refrigerants larger heat-transfer surfaces are required because of the poor 
heat-conduction qualities of oil. Oil-miscible refrigerants are advan¬ 
tageous in that they give better lubrication because the refrigerant acts 
as a carrier of oil to the moving parts; they also eliminate oil-separation 
problems and aid in the return of oil from the evaporator. 

Toxicity. The toxicity of a refrigerant may be of prime or secondary 
importance, depending upon the application. In comfort air conditioning 
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the danger of large volumes of a highly toxic refrigerant being discharged 
into the conditioned space must be reduced to a minimum. On the 
other hand, with small individual domestic refrigerators highly toxic 
refrigerants have been used satisfactorily and with no danger because of 
the small refrigerant charge. Table 5.14 gives the relative toxicity of 
the common refrigerants, based upon the concentration and the exposure 
time required for serious injury or death. The Underwriters’ Labora¬ 
tories class numbers indicate decreasing toxicity with increasing number. 

TABLE 5.14 

Toxic Properties of Refrigerants 4 



Kills or Seriously Injures 

Poison¬ 
ous De¬ 
compo¬ 
sition 
Prod¬ 
ucts 

Under¬ 

writers' 

Labora¬ 

tories 

Class 

No. 

Refrigerant 

Duration 

of 

Exposure 

Concentration in Air 


Per Cent 
by Volume 

Pounds per 
1000 cu ft 
at 70 F 

Sulfur dioxide. 

5 min. 

0.7 

1.2 


1 

Ammonia. 

\ hr. 

0.5 to 0.6 

0.2 to 0.3 


2 

Methvl formate... . . 

1 hr. 

2 to 2.5 

3.1 to 3.9 


3 

MethvI chloride. 

2 hr. 

2 to 2.5 

2.8 to 3.3 

Yes 

4 

Dichloroethylene (Dielenc) 

2 hr. 

2 to 2.5 

5.0to 6.3 

Yes 

4 

Ethvl chloride. 

Methylene chloride (Car- 

1 hr. 

4.0 

6.7 

Yes 

4-5 

rene-1). 

Trichlorotrifluoroethane 

\ hr. 

5.1 to 5.3 

11.2 to 11.70 

Yes 

4-5 

(Freon-113). 

Dichloromonofluorometh- 

1 hr. 

4.8 to 5.3 

23.3 to 25.2 

Yes 

4-5 

ane (Freon-21). 

\ hr. 

10.2 

27.1 

Yes 

4-5 

Carbon dioxide. 

T ric h loromonof luorometh- 

J to 1 hr. 

29.0 to 30.0 

33.0 to 34.2 

No 

5 

ane (Freon-11, Carrene-2) 
Monochlorodifluorometh- 

2 hr. 

10 

35.7 

Yes 

5 

ane (Freon-22). 

Dichlorodifluoromethane 

2 hr. 

18.0 to 22.6 

40.2to 50.5 

Yes 

5A 

(Freon-12). 

2 hr. 

28.5 to 30.4 

88.5 to 94.4 

Yes 

6 


In addition to the actual toxic effects of a refrigerant, consideration 
should be given to the irritating effects, which may result in a panic 
hazard if leakage occurs into a space occupied by many people. Ammo¬ 
nia and sulfur dioxide, being strong irritants, would not be advisable in 
comfort air-conditioning applications even if they were non toxic. In 
contrast, all the Freon refrigerants and carbon dioxide are odorless 
within the range of concentrations encountered from refrigerant leakage. 

4 Compiled from Underwriters’ Laboratories Reports Misc. Hazard 2375 (1933), 
Misc. Hazard 2630 (1935), Misc. Hazard 3072 (1941), and Misc. Hazard 3134 (1940). 
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The threshold of odor detection for ammonia is 53 parts per million 
by volume; 700 parts per million will cause irritation. Sulfur dioxide is 
detectable at 3 to 5 parts per million, and 20 parts per million will cause 
irritation. The Freon refrigerants are odorless up to concentrations less 
than 20 per cent by volume in air. One per cent acrolein is sometimes 
added to methyl chloride as a warning agent; this mixture is highly 
irritating at approximately 0.1 per cent by volume. Concentrations of 
carbon dioxide up to 3 per cent stimulate breathing, and those of approxi¬ 
mately 5 per cent usually cause a sense of giddiness. There is no need 
to add a warning agent to the Freon refrigerants and carbon dioxide 
because it is almost impossible for them to reach fatal concentration 
through refrigerant leaks. 


TABLE 5.15 

Explosive Pkoperties of Refrigerants* 


Refrigerant 

Explosive Range, 
Concentration in Air 

Maxi¬ 

mum 

Explo- 

Time of 
Pressure 
Develop¬ 
ment, 
Seconds 

Per Cent 
by Volume 

11) per 

1000 cru ft 

sion 

Pressure, 

psi 

Ammonia. 

16. to 25. 

7.1 toll.5 

50 

0 175 

Methyl formate. 

4.5 to 20.0 

7.02 to 31.2 

96 

0 026 

Methyl chloride. 

8.1 to 17.2 

10.6 to 22.6 

69 

0.110 

Dichloroethylene (Dielene). 

5.6 to 11.4 

14.1 to 28.7 

76 

0.095 

Ethyl chloride. 

3.7 to 12.0 

6.21 to 20.1 

87 

0.028 

Sulfur dioxide. 

Nonflammable 

Methylene chloride (Carrene-1). . . 


Nonflammable 



Carbon dioxide. 


Nonflammable 



Trichloromonofluoromethane 
(Freon-11, Carrene-2). 


Nonflammable 



Dichlorodifluoromethane (Freon- 
12). 


Nonflammable 



Die hloromonofluorome thane 
(Freon-21). 


Nonflammable 



Monochlorodifluoromethane 
(Freon-22). 


Nonflammable 



Trichlorotrifluoroethane (Freon- 
113). 


Nonflammable 





/ 



Explosive Properties. An ideal refrigerant should present no danger 
of explosion'or fire, either in combination with air or in association with 
lubricating oils. Table 5.15 gives the explosive properties of the various 
common refrigerants and indicates that the only completely satisfactory 
refrigerants from this standpoint are sulfur dioxide, methylene chloride, 


* Compiled from Underwriters' Laboratories Reports Misc. Hazard 2375 (1933), 
Misc. Hazard 2630 (1935), Misc. Hazard 3072 (1941) and Misc. Hazard 3134 (1940). 
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Sulfur dioxide leaks are usually detectable by odor and may be located, 
as for ammonia, by the formation of ammonium sulfide. In this case 
aqueous ammonia solution is exposed to the leaking refrigerant. 

Methyl chloride leaks are readily detectable by odor if acrolein has 
been added as a warning agent. Otherwise, as in the case of other com¬ 
paratively odorless yet flammable refrigerants, leaks may be detected by 
placing the system under pressure and applying a solution of soap and 
water at the point of a suspected leak. 



Fig. 5.3. Typical brine phase diagram. 

6.13. Brines and Eutectics. Brines are frequently used as secondary 
refrigerants. In the broadest interpretation, they include not only salt 
solutions but also any liquids conveying heat from the source of the load 
to the evaporator. Eutectic brines consist of water and one or more 
additional ingredients proportioned to result in the mixture with the 
lowest freezing point. In addition to their application as secondary 
refrigerants, brines are also used to store refrigeration through the use of 
holdover tanks as well as for brine fogs or sprays for cooling meat, fish, 
and other foods. Eutectic brines are frequently used for refrigeration 
storage by freezing the mixture in metal containers or holdover plates. 
Such eutectic plates are used in some refrigerated trucks. 

Most two-component brines have constitution diagrams indicating 
the relationship between temperature, phase, and concentration similar 
to that shown in Fig. 5.3. This diagram indicates that the mixture (if 
a salt brine is under consideration) may be liquid, liquid and salt, liquid 
and ice, or solid, depending upon the temperature and concentration. 
If the mixture has the eutectic concentration, no solidification occurs until 
the eutectic temperature is reached. At that temperature the entire 
mass solidifies as a mechanical mixture of ice and a dehydrate of the salt. 
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If the mixture has a solute concentration greater than that of the eutectic 
mixture (such as point A), with a lowering of the temperature salt starts 
to freeze from the solution when point B is reached. With further low¬ 
ering of the temperature, salt continues to solidify, and the remaining 
liquid decreases in concentration, following the boundary line, until the 
eutectic concentration and temperature are reached. With a further 
drop in temperature the remaining mass freezes simultaneously. 

If the mixture has a solute concentration lower than that of the eutec¬ 
tic mixture, pure ice instead of salt freezes from the solution until the 
eutectic temperature and concentration is reached. The path D-E-F-G 
represents the progress of such a mixture when the temperature is thus 
lowered. When the mixture is in the liquid-and-ice or liquid-and-salt 
regions, the proportions of each phase at any temperature may be deter¬ 
mined by drawing a horizontal line through the state point intersecting 
the adjacent boundaries. The linear distances from these boundaries 
are inversely proportional to the phase percentages. Thus at point F 


the percentage of ice is —^—’ and the percentage of liquid is —^- 

Xi ~r Xi -+ Xt 


In determining the amount of heat absorbed or rejected in the thawing 
or freezing of brines, correction must be made for the heat of solution. 


TABLE 5.16 

Aqueous Solution Eutectic Points* 


Solute 

Eutectic 
Concentration, 
Wt Solute 

Wt Solution 

Eutectic 
Temperature, F 

Ammonium chloride. 

0.191 

+ 4.3 

Calcium chloride. 

0.324 

- 59.8 

Sodium chloride. 

0.233 

- 6.0 

Sodium sulfate. 

0.049 

+ 30.0 

Potassium chloride. 

0.197 

+ 12.8 

Potassium nitrate. 

0.112 

+ 26.6 

Methyl alcohol. 

0.695 

-164 

Ethyl alcohol. 

0.763 

- 94 

Glycerine. 

i 

0.669 

- 60.4 


Eutectic concentrations and temperatures for several combinations 
of materials are presented in Table 5.16. The total heats for sodium 
chloride and calcium chloride solutions at various concentrations and 
temperatures are given in Appendix Tables A. 11 and A. 12. 


• Adapted from Refrigerating Data Book, 5th ed., 1943, Chapter 6, Table 11. 
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PROBLEMS 

5.1. A direct-expansion evaporator consists of 45 ft of f-in. I.D. finned tubing. 
If the coil is operating 50 per cent filled with liquid methyl chloride at 20 F, 
determine (a) the weight of liquid refrigerant in the coil and (b) the weight of 
refrigerant vapor. If the coil is evacuated by pumping a vacuum of 25 in. of 
mercury, determine (c) the weight of refrigerant vapor remaining in the 
evaporator. 

6.2. A cylinder of Freon-22 is stored in a room at a temperature of 100 F. 
What pressure exists in the cylinder when (a) the valve is closed, and (b) when 
the valve is opened, allowing vapor to escape? 

6.3. What must be the rate of refrigerant flow through a 10-ton ammonia 
system, operating with dry compression and neither liquid subcooling nor super¬ 
heating of the evaporator vapor, when the suction gage pressure is 15.72 psi and 
the condenser gage pressure is 151.7 psi? 

5.4. From data in the methyl chloride tables, construct a pressure-enthalpy 
chart on graph paper. Show both the liquid and vapor saturation lines and 
several constant-temperature fines extending into the superheated region. 

6.6. A space 100 X 50 ft with a 20-ft ceiling is to be cooled. Determine the 
number of pounds of refrigerant which, when released in' the space, will create a 
dangerously toxic atmosphere if the refrigerant is (a) Freon-12, (b) ammonia, 
(c) Determine the number of pounds of these refrigerants that will result in 
explosive concentrations in a compressor room 20 X 10 X 12 ft. 

6.6. The sodium chloride brine in a hold-over system is to be cooled to 16 F 
and will rise in temperature to 38 F when its accumulated capacity is being used. 
If the brine is to be maintained in the liquid state at all times and the heat gain 
to the storage tank is negligible, determine the weight and volume of brine 
required to supply a cooling load of 30,000 Btu in 3 hr when (a) the compressor is 
not operating, and (b) the compressor (which is of sufficient capacity to cool the 
holdover system from 38 F to 16 F in 12 hr) is in operation. 

6.7. From the data on calcium chloride brine solutions in the Appendix, con¬ 
struct on graph paper a temperature-concentration diagram showing the bound¬ 
aries between the liquid, liquid-and-ice, and solid regions. Indicate eutectic 
concentration and temperature. 

6.8. A 10 per cent calcium chloride brine is lowered to a temperature of —10 F. 
From Problem 5.7 determine (a) the percentages of liquid and ice in the mixture 
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and (b) the concentration of the remaining liquid. If the mixture is lowered to 
the eutectic temperature, determine (c) the percentages of eutectic and of ice 
in the mixture. 

6.9. Sodium chloride brine of specific gravity 1.18 is used in eutectic storage 
plates to counteract a heat leakage of 560 Btu per hour into a portable frozen- 
food storage chest. The plates are periodically removed from the chest and 
refrozen. If the brine temperature must not rise above — 2 F, determine (a) 
the pounds of eutectic solid that must be supplied for a storage period of 24 hr 
and (b) the volume of eutectic solution that must be sealed in the plates. 


CHAPTER 6 


Air-cycle , Ejector , ant/ Centrifugal Refrigeration , and the 

Heat Pump 

6.1. Introduction. In addition to vapor-compression refrigeration, 
accomplished by reciprocating or rotary compressors, there are several 
additional types of systems. Air-cycle refrigeration, one of the earliest 
forms of cooling developed, became obsolete for many years because of 
its low coefficient of performance and high operating costs. It has, how¬ 
ever, been applied recently to aircraft refrigerating systems, where with 
low equipment weight it can utilize a portion of the cabin-air supercharger 
capacity. It is unique in that the refrigerant remains in the gaseous 
phase throughout the cycle. 

Steam-jet refrigeration has received limited usage in air conditioning 
and other high-temperature applications above the freezing point of 
water. Its thermodynamic cycle is essentially the same as for the stand¬ 
ard vapor-compression system, but with a steam jet used for evacuation 
of the cooler and for compression of the refrigerant, water vapor. The 
ejector cycle may also be used with refrigerants other than water. 

Centrifugal refrigeration employs the standard vapor-compression 
cycle, with compression accomplished by centrifugal means. Until 
recently its application was limited to comparatively large systems, but 
new developments permit its use in sizes down to 50 tons and possibly 
much lower. Absorption refrigeration systems, which accomplish com¬ 
pression by absorbing the refrigerant leaving the evaporator in a solution 
at low temperature and pressure and then distilling off the refrigerant at 
a high temperature and pressure by the application of heat, are discussed 
in Chapter 15. 

The heat pump, using the standard refrigeration cycle to pump heat 
from some external, comparatively low-temperature source to the inside 
space to be warmed, has been developed to the point of practical applica¬ 
tion in the last few years. Here the useful energy is the heat discharged 
from the condenser instead of the heat absorbed by the evaporator. 
With the exception of absorption refrigeration, the theory involved in 
each of these systems will be discussed in this chapter. 

6.2. Air-Cycle Refrigeration. The air-cycle refrigeration system is 
the only air-cooling process developed for wide commercial application 
in which a gaseous refrigerant is used throughout the cycle. Compression 
is accomplished by a reciprocating or centrifugal compressor as in the 
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vapor-compression cycle, but condensation and evaporation are, of neces¬ 
sity, replaced by a sensible cooling and heating of the gas. An air cooler , 
is used in place of a condenser and a refrigerator in place of an evaporator. 
Although some cooling of the gas would result from its expansion, irre¬ 
versibly, through a throttling valve (see §16.4), a greater drop in air tem¬ 
perature is accomplished if the expansion is controlled to approach the 
isentropic. Therefore the expansion valve is replaced by an expansion 
engine or turbine. 
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Fig. 6.1. Air refrigeration system. 


Since constant-temperature condensation and evaporation are no 
longer involved, it becomes impractical to attempt to approach the 
reversed Carnot cycle, and the reversed Brayton cycle is substituted. 
Figure 6.1 shows diagrammatically an air-cycle refrigeration system with 
air compressor, cooler, expander, and refrigerator. Here the work gained 
in the expander is used to aid in compression of the air and thus in decreas¬ 
ing the net external work required for operation of the system. In 
practice this may or may not be done. For example, in some aircraft 
refrigerating systems of the air-cycle type, the expansion work may be 
dissipated efficiently by using it to drive other devices. In the theoretical 
analysis to follow, the work of expansion is assumed to aid air compression. 

Figure 6.2 shows theoretical p-V and T-s diagrams for the reversed 
Brayton cycle. Here it is assumed that absorption and rejection of heat 
are constant-pressure processes and that compression and expansion are 
isentropic processes. Thus the heat absorbed in the refrigerator is 


2 Q 8 = Wc p (T 3 - T 2 ) 


(6.1) 
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and the heat rejected in the cooler is 

«Qi = Wc P (T< - Tx) (6.2) 

where Q denotes total quantity of heat, W weight, c p specific heat at con¬ 
stant pressure, and T temperature. The steady-flow work of compres¬ 
sion, if the process is considered to be polytropic, will be 

.in. = (p.n - p,v,) (6.3) 

and expansion will be 

1 IT*, = (pxV 1 - p 2 V 2 ) (6.4) 

where Wk denotes work, n the expansion exponent, p pressure, and 
V volume. Equations 6.3 and 6.4 may easily be reduced to the theoret- 



ENTROPY VOLUME 

Fig. 6.2. Reversed Brayton cycle. 

ical isentropic processes shown in Fig. 6.2 by the substitution of 7 = n 
and the known relationship 



The net external work required for operation of the cycle is 

zW k , - xW k , = -j^r (p 4 F 4 - p,V» ~ pxVx + p 2 V 2 ) 

fir J. 

= ,) We,(T, -T.+ T,- T,) ( 6 . 6 ) 

or, for isentropic compression and expansion, 

Wk^ = Wc v {T k - T> + T 2 - T 1 ) (6.7) 

This expression is identical with the net heat rejected from the cycle, 
since by the law of conservation of energy, the net work on the gas must 
be equivalent to the net rejected heat. 
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From Chapter 4 the coefficient of performance is defined as 


c.p. = 


G 


Added 


Q, 


rejected 


- Q 


Qftdded 

W t net (in Btu) 


For the air cycle, assuming polytropic compression and expansion, the 
coefficient of performance is 


c p = _ WcniT, - r,) _ 

(“,) ( 1 V J ) Wc,(T, - T, + T, - r.) 

= _ Ti - T* _ 

(^i) ( 2 -~) ( r ‘^ 7'. + - T.) 

and for isentropic compression and expansion, 

T» — Ti 

C p - T t - T» + Ti - T x 


( 6 . 8 ) 


(6.9) 


In the actual air-refrigeration cycle isentroptic expansion will result 
in the greatest temperature drop and, therefore, an attempt is made to 
approach this process as closely as possible by insulating the expander 
from the surrounding air. If possible, isothermal compression of the air 
would be desirable, since it would reduce the required work. Water- 
jacketing of the compressor cylinders will therefore reduce somewhat the 
work of compression and at the same time will aid lubrication by reducing 
the average temperature during compression. Although cylinder cooling 
by normal means will aid in this respect, the resulting process is poly- 
tropic and by no means approaches the isothermal. If polytropic 
compression and isentropic expansion are assumed, the coefficient of 
performance is 


_ T 3 - Tj _ 

Gnh) (^T 1 ) <r< " T,) + (r ’" T,) 


( 6 . 10 ) 


Air-cycle refrigeration may be designed and operated either as an open 
or a closed system. In the closed or dense-air system the air refrigerant 
is contained within the piping or component parts of the system at all 
times and with the refrigerator usually maintained at pressures above 
atmospheric. The term “dense-air system” is derived from the higher 
pressures maintained in comparison with the open system. In the open 
system the refrigerator is replaced by the actual space to be cooled with 
the air expanded to atmospheric pressure, circulated through the cold 
room and then compressed to the cooler pressure. Such a system is 
inherently limited to operation at atmospheric pressure in the refrigerator. 
It has the additional disadvantage that moisture is continually being 
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picked up by the air circulated through the cooled space and then depos¬ 
ited as frost or. ice at the lowest temperature points of the system, usually 
at the expansion-engine discharge. 

The open and dense-air systems, as originally applied to cold-storage 
and theater cooling systems, have become almost obsolete. The original 
advantage possessed by the systems of using a completely safe and cheap 
refrigerant has been nullified by the introduction f f such nontoxic modem 
refrigerants as the Freon group, and it has been impossible to overcome 
the inherently high horsepower required per ton of refrigeration. How¬ 
ever, the air-cycle system is basically well adapted to aircraft refrigera¬ 
tion. This modem application is discussed in §7.10. 

Example 6.1. An air refrigeration system operating on an open air cycle is 
required to produce 20 tons of refrigeration with a cooler pressure of 175 psia and a 
refrigerator pressure of 15 psia. The temperature of the air leaving the cooler is 
70 F, and the air leaving the room is at 30 F. Assuming a theoretical cycle with 
isentropic compression and expansion, with no compressor clearance and no 
losses, determine (a) weight of air circulated per minute, (b) compressor piston 
displacement required per minute, (c) expander displacement required per 
minute, (d) coefficient of performance, and (e) horsepower required per ton of 
refrigeration. 

Solution: 

(a) T t = 70 F = 530 F abs 

1 . 41-1 

T 2 = 530(tV^) 141 = 260 F abs 

T s = 30 F = 490 F abs 

1 . 41-1 

Ti = 490(W) 141 = 1000 F abs 

Refrigerating effect per lb air circulated = 0.24(490 — 260) = 55.2 Btu per lb 

2oo x 20 

Weight air circulated per min = ——tt— = 72.4 lb 

OD.Z 
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Example 6.2. The air-refrigeration system of Example 6.1 is modified to 
operate as a closed system with the pressure in both the cooler and the refrigerator 
increased by 25 psi. The same compressor is used, but the expander and the 
other parts of the system are changed to meet the requirements of the new design. 
The temperatures leaving the cooler and the refrigerator are still maintained at 
70 F and 30 F, respectively. Determine (a) weight of air circulated per minute, 
(b) tons of refrigeration developed by the system, (c) expander displacement 
required per minute, (d) coefficient of performance, and (e) horsepower required 
per ton of refrigeration. 

Solution: 


(a) 


(b) 

(c) 

(d) 


T\ = 530 F abs 

r 2 = 530(-jW) 0 - 191 = 332 F abs 
Tj = 490 F abs 

T a = 490(^nf)°- 591 = 782 F abs 

vV 

Weight air circulated per min = W = —— 

til 

(40)(144)(875) 
-(53.3K490) " ‘ 193 ‘ b 

Refrigerating effect per lb air circulated = 0.24 (490 — 332) 


= 37.9 Btu 


Tons refrigeration developed = 


37.9 X 193 
200 


= 36.6 


Expander displacement = 875(|iHy) = 593 cu ft per min 

490 - 332 


c.p. = 


782 - 490 + 332 - 530 


= 1.68 


(e) Total horsepower = 


(19.3) (0.24) (782 - 490 + 332 - 530) 
42.42 


= 102.8 


tt . 102.8 „ 0 , 

Horsepower per ton = —— = 2.81 

3b.6 


6.3. Ejector-Cycle Refrigeration. Any refrigerant may be placed in 
a flash chamber and caused to produce refrigeration at the desired tem¬ 
perature by evacuating the space over the liquid refrigerant to the cor¬ 
responding pressure. If the volume of vapor formed by the evaporating 
refrigerant is comparatively small, a reciprocating or rotary compressor 
may be used for its removal. If the volume of gas to be compressed is 
large, some other means of compression must be adopted, since the size 
of a reciprocating or rotary unit required would make its application 
prohibitive. Both ejector and centrifugal systems are satisfactory where 
the volume of vapor to be compressed is high. 

Whereas any refrigerant may be made to operate in an ejector system, 
although not always efficiently, water vapor has several inherent advan¬ 
tages for this type of application. In some cases steam-generating equip¬ 
ment is already available for use with the refrigerating system, so that 
additional auxiliary equipment is not necessary. Also, an excess supply 
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of high-pressUre steam may be available for economical use ae the motive 
force in the ejector, in which case no heat exchanger is necessary in.the 
evaporate), since the water' .may bo are ala ted directly as a sCK'on^ary 
refrigerating medium. Moreover, water vapor is tiontoxic, ucnex'plosive. 
and cheap. Its diisad vantages are that it is limited to usage above frcejs- 
Lug temfa?ntttires, that it requires extremely low evaporator pressures, 
and that it needs, compression equipment of very higli ynhwiertric capac¬ 
ity. In-fact, ejector and, centrifugal systems are the only ones id date 
thiii have been found at all .satisfactory for usevrith water v&p*jr, With 
the exception of a few ex peri mental installation* almost the.'entire deVel- 



.• . . o^vvtvv;-^'-!v % r •*** ' .*" ' v • A'v] - • 

*JIO 

Fig. ()'.3.' TypifiiJ water-vapor *vs< cm. 

optnept of the ejt^ior ^y^iyin has both) vvit-h w»Xer vapor or steam as the 
refrigerant as ive.U as the 'motive force. 

6.4. Steam-Jet : Water-yftpot-fS^stem* Atypical steamer waters 
Vapor refrigerai.itig system is shown •ijagru.mmalkaUy in Fig; 6.% and 
the corresponding temperat ure-eu trope diagram is shown in Fig. 6.4. 
■Highypty&sute steam is supplied to the nozzle inlet and is expanded to B r 
in the conifetRing chamber. Were outer vapor, originating from the flash 
chamber at C.. is enttamed with the htgh-Yelocity steam jet and coto- 
pressod through . E into the diffuser at F', The velocity of the mixture 
is then reduced, the kinetic energy is converted into an increase ifi static 
head, and t he mass )$ discharged to the condense?, The condensate f rom 
the condenser is usually ret urned to the boiler, and «m'y water vapnr 
dashed from the evaporator and included ui this condensate be • 

replaced f>y nnihe-tip -water added to the cold-water circulatingsystems 
This suhstitui ion is usually accomplished by a float valve ’that allows- the 
addition-of an flit dent waiter to maintain a. constant water level in 1 la? flash 
chamber: The water in flash chamber tj. 1 a copied by the absorption From, v* 
it of the latent heat of that portion of water flashed and removed by tftiy: 
ejector; The amount of writer lost in the cooling process ia very small, 
unci the remaining •' the 

cooling medium to the point of the load. Upon, return it is- usually. 
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sprayed into the flash chamber to provide exposure of the maximum 
surface area. 

The operating pressures required are extremely low, since an evapora¬ 
tion temperature of approximately 40 F requires an absolute pressure in 
the evaporator of 0.25 in. of mercury. If condensation is to be accom¬ 
plished at approximately 100 F, the condenser pressure must be 2 in. of 
mercury absolute. Operation under these conditions results in a com¬ 
pression ratio of 8 to 1, which approaches the limit for efficient operation. 
The air and vapor remaining in the condenser are removed by means of 



Fig. 6.4. Steam-jet refrigeration cycle. 

a secondary ejector or a vacuum pump and are discharged from the sys¬ 
tem. If temperatures below 32 F are to be maintained in the evapo¬ 
rator, an antifreeze may be added or a brine may be used. However, 
the use of water-vapor refrigeration below freezing is uncommon because, 
among other factors, of the extremely high vacuums that must be 
maintained. 

In Fig. 6.4 point A represents the initial condition of the motive steam 
before passage through the nozzle and B the final condition, assuming 
isentropic expansion. Point C represents the initial condition of the 
water vapor flashed in the evaporator and E the resultant condition of 
the mixture of high-velocity steam and entrained water vapor before 
compression. If compression were isentropic, the final condition would 
then be F at discharge of the mixture to the condenser. Make-up water 
is available at G, slightly lower in temperature than the condenser con¬ 
ditions, and is throttled to point H in the flash chamber. Because of 
unavoidable losses encountered in expansion, entrainment, and com¬ 
pression, the actual path of expansion and entrainment of the motive 
steam is AB'D. The motive steam at D and the water vapor flashed at 
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C mix to give a resultant condition shown as E. Compression of the 
mixture actually occurs along EF'. 

The nozzle efficiency, tj„, is the ratio of the actual enthalpy drop to 
the isentropic enthalpy drop of the motive steam passing through the 
nozzle. Numerically, this may range from 85 to 90 per cent. The 
entrainment efficiency, rj e , indicates the losses that originate in the transfer 
of a portion of the kinetic energy of the motive steam to the flashed vapor. 
This process, in which the flashed vapor is brought into motion at the 
expense of a loss in kinetic energy of the motive steam, is inherently ineffi¬ 
cient and, according to Kalustian, 1 should be taken as 65 per cent. The 
loss of this kinetic energy, 1 — ij«, is dissipated as heat added to the mix¬ 
ture. The compression efficiency, 7j e , indicates the loss encountered in 
utilizing the kinetic energy of the mixture for compression in the diffuser. 
The ratio between the actual enthalpy increase needed to accomplish 
this compression to the isentropic enthalpy increase theoretically required 
is the compression efficiency, which may be taken as 75 to 80 per cent. 

By definition of nozzle efficiency, 

llA — hB' = VnQlA — h B ) (6-11) 

The quantity h a — ha' is equivalent to the kinetic energy of the motive \ 
steam, now available for entrainment of the vapors in the flash chamber. 
This process, however, is an inefficient one, and the portion of the original 
motive force available for compression to the condenser is 

h,A ~ ho = TfeQlA — tlB*') (6.12) 

However, the actual energy required for compression of the mixture is 

• hr - ha = hr — — (6.13) 

Vc 


Since the required work of compression must be equal to the available 
energy for compression, the members of equations 6.12 and 6.13 must be 
equal when adjusted for the weights involved. Thus 
(W + 1 )(hr - h B ) = W{hA - h D ) 

(W + 1) — - — = W V nVe(hA ~ h B ) 

Vc 


and 


W = 


hr — ht 


(Jia — ha)rinV» r le ~ (he ~ Jib) 


(6.14) 


where W is the weight of motive steam in pounds per pound of flashed 
vapor. For each pound of vapor flashed from the evaporator, 

Refrigerating effect = h c — h a Btu per lb (6.15) 

12 000IF 

and Weight motive steam per (ton) (hr) = —-r— (6.16r) 

hc hrQ 


1 Kalustian, Peter, “Analysis of the Ejector Cycle.” Refrigerating Engineering, 
Vol. 28, No. 4 (October, 1934), p. 188. 
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This expression serves as a practical means of evaluating the efficiency 
of a steam-jet system, since, as in the absorption system, little mechanical 
energy is involved, and the term “coefficient of performance” has no 
true meaning. 

Example 6.3. A steam-ejector water-vapor system is supplied with motive 
steam at 100 psia saturated, with the water in the flash chamber at 40 F. Make¬ 
up water is supplied to the cooling system at 65 F, and the condenser is operated 
at 2 in. of mercury absolute. The nozzle efficiency is 88 per cent, the entrain¬ 
ment efficiency 65 per cent, and the compression efficiency 80 per cent. The 
quality of the motive steam and flashed vapor at beginning of compression is 92 
per cent. Determine (a) weight of motive steam required per pound of flash 
vapor, (b) quality of vapor flashed from flash chamber, (c) refrigerating effect 
per pound of flash vapor, (d) weight of motive steam required per (hour)(tOn of 
refrigeration), and (e) volume of vapor removed from flash chamber per (hour) 
(ton of refrigeration). 

Solution: 


(a) Referring to Fig. 6.4, 

1.6026 - 0.0162 

x B = 


= 0.74 


2.1597 - 0.0162 
h B = 8.05 + 0.74(1079.3 - 8.05) = 800.8 Btu per lb 


By equation 6.11, 


h A - h B - = 0.88(1187.2 - 800.8) = 340.0 
h B ' — 847.2 Btu per lb 
847.2 - 8.05 
Xb ’ ~ 1079.3 - 8.05 


= 0.783 


By equation 6.12, 


h A - h u = (0.65X340.0) = 221.0 
ho = 966.2 

966.2 - 8.05 

Xo = 


1079.3 - 8.05 


= 0.895 


At point E, 


Xb — 0.92 

h B = 8.05 + 0.92(1079.3 - 8.05) = 993.6 
sb = 0.0162 + 0.92(2.1597 - 0.0162) = 1.9720 


By equation 6.13, 


8f = sb = 1.9720 

1.9720 - 0.1316 

Xf = 


= 0.997 


1.9797 - 0.1316 
h F = 69.10 + 0.997(1105.7 - 69.10) - 1102.6 
1102.6 - 993.6 

hr = 993.6 + - = 1129.8 


By equation 6.14, 
W = 


0.80 
1102.6 - 993.6 


(1187.2 - 800.8) (0.88) (0.65) (0.80) - (1102.6 - 993.6) 
1.62 lb motive steam per lb flashed vapor 
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0 b) 


h c + Who = (W + 1)A, 
he - (1.62 + 1)(993.6) - (1.62)(966.2) 
= 1038.0 Btu per lb 


Xc 


1038.0 - 8.05 
1079.3 - 8.05 


(c) By equation 6.15, 

Refrigerating effect = 1038.0 — 33.05 

= 1004.9 Btu per II) flashed vapor 

(d) By equation 6.16, 

= 19.3 (lb motive steam) per (hr)(ton) 

1004.9 

(e) v b = 0.0162 + 0.92(2444 - 0.0162) 

= 2248 cu ft per lb 

Volume vapor removed from flash chamber 

(12000) (2248) 0 ,. 0nrt , x 

=-ioo49— = 2 >80 ° ft ^ per ( hr ^ ton ) 

6.6. Centrifugal Refrigeration. The centrifugal refrigeration cycle is 
identical with the reciprocating or rotary compression cycle, but the 
means used to accomplish compression is basically different. In place 
of a positive means of compression the centrifugal compressor depends 
upon self-compression of the refrigerant by centrifugal force as well as 
by conversion of the kinetic energy of the high-velocity vapors into a 
static pressure increase. The desirable properties of a centrifugal-com¬ 
pressor refrigerant differ in several respects from those for reciprocating 
compression. With a reciprocating machine the displacement is fixed 
by the physical dimensions and the rpm of the compressor, and therefore 
it is desirable to use a refrigerant requiring a low' volumetric displacement 
per ton of refrigeration developed. Centrifugal compressors, however, 
operate most efficiently with a refrigerant of high molecular weight and 
high volumetric displacement. Moreover, reciprocating compressors 
operate satisfactorily with refrigerants requiring a high compression 
ratio, whereas centrifugal compressors require a moderately low com¬ 
pression ratio. Thus a refrigerant such as Freon-11 is w r ell suited for 
centrifugal compression (see Chapter 5). 

Centrifugal compressors are sometimes adapted to water-vapor refrig¬ 
eration with a centrifugal compressor supplanting the steam ejector. 
Water-vapor centrifugal compression, however, requires such high rota¬ 
tive speeds (10,000 rpm) for efficient operation that inherent mechanical 
difficulties have limited its application. 

Practically all centrifugal compressors are designed with several stages 
of compression, thus requiring their classification as multistage. How¬ 
ever, if intercoolers are not used between stages and if the weight of refrig- 
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er&nt compressed is the same for each stage, thermodynamically the 
process is equivalent to single-stage compression and may be so considered 
in calculations. 

The forces involved in the operation of a centrifugal compressor may 
be best understood by reference to Fig. 6.5. Consider first a thin layer 
of gaseous refrigerant of area A, density p, thickness dx, and at a distance 
x from the axis. The impeller speed is o> radians per sec, the radius r ft, 
and the linear tip speed, v ft per sec. 

Then the volume of the element of re¬ 
frigerant is Adx, and the centrifugal 
force F upon this element is 

dp _ uAApx dx 
9 

if the outlet of the compressor is com¬ 
pletely closed. The head, in feet of 
refrigerant, corresponding to this force 
is 

dJJ = 03 X Fig. 6.5. Centrifugal compression 

Q forces. 

and the total head developed from the axis to the outer radius r is 




Since V is the linear tip speed and F = cor, the head developed by centrif¬ 
ugal force becomes 


H i 


F 2 
2 9 


(6.17) 


In addition to this force, produced centrifugally by passage of the refrig¬ 
erant from the center of rotation to the periphery of the impeller, an 
additional head is produced by virtue of the mass being carried by the 
whirling impeller. As the mass of refrigerant attains a rotational speed 
approaching that of the rotor, this additional head in the form of kinetic 
energy, is 

"> = £ (6.18) 

and the total head developed, assuming that the blades are radial without 
any curvature, is 

Hr = Ih + Hi 
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This theoretical head may be converted to pressure increase by multiply¬ 
ing by the density and dividing by 144. Thus the pressure p, in pounds 
per square inch, is 

► * - m (6 20) 

It is evident from equation 6.20 that the pressure developed is dependent 
upon the density of the refrigerant and the square of the impeller-tip velo¬ 
city, and that a low-density refrigerant requires a much higher rotational 
speed than a high-density refrigerant if the same pressure increase is to be 
developed. Therefore a refrigerant such as Freon-11 with a density of 
0.183 lb per cubic foot at 40 F will require lower compressor speeds and, 
in general, will be more satisfactory than water vapor with a density of 
0.00041 lb per cubic foot at the same temperature. 

In the design of centrifugal compressors the impeller blades may 
be radial, forward-curved, or backward-curved. Radial blades have 
received only limited commercial application, and forward-curved blades 
have been found unsatisfactory because of the compressors’ unstable 
characteristics under conditions of varying load. Backward-curved 
blades have been found the most satisfactory, since the head developed 
falls off only slightly as the delivery increases, and therefore the com¬ 
pressor exhibits nonoverloading power characteristics with increasing 
refrigeration loads. Equations 6.19 and 6.20 are approached with radial 
blading but must be modified to take into account the effect of the dis¬ 
charge angle with either forward- or backward-curved blading. 

The efficiency of a centrifugal compressor is usually expressed as the 
ratio between n/(n — 1) for the actual poly tropic process and y/(y — 1) 
for the theoretical isentropic process. With modern centrifugal com¬ 
pressors the efficiency may range as high as 70 or 80 per cent at full 
load. The losses are primarily irreversible changes resulting from fluid 
friction and turbulence. The advantages of centrifugal compressors are 
simplified lubrication with the lubricant separated from the refrigerant, 
ease of capacity control and high efficiency at partial load, and concentra¬ 
tion of a high capacity in a comparatively small machine. The principal 
disadvantages are the necessity for a large number of stages with refrig¬ 
erants requiring a high compression ratio, and nonadaptability to small- 
tonnage equipment pumping small quantities of refrigerant. 

6.6. The Heat Pump. In §4.2 it was shown that the Carnot cycle 
may, theoretically, be used as a heat engine or that it may be reversed 
and used either as a refrigerating machine or a heat pump. With the 
reversed Carnot cycle the coefficient of performance when used as a refrig¬ 
erating machine is 


T 2 

C -P- 2 1 ! — Ti 


(4.2) 


§6.6] OTHER REFRIGERATION SYSTEMS AND HEAT PUMP 


117 


and for a heat pump 



(4.3) 


With the refrigerating machine (equation 4.2) it is desired that heat be 
absorbed from the low-temperature source, and the quantity of this heat is 
proportional to the numerator, 7Y With the heat pump (equation 4.3) it 
is desired that heat be rejected at the high-temperature sink, and the quan¬ 
tity of this heat is proportional to the numerator, T\. The difference lies 
only in the concept of the “desired effect." With an actual compression 
refrigeration machine operating as a heat pump, the coefficient of per¬ 
formance may be defined by the equation 


c.p. = 


_ heat rejected to cond enser 

heat equivalent of net work of compression 


( 6 . 21 ) 


The economical adaptation of the heat pump as a practical means of 
heating requires that the temperature of the source from which the heat 
is extracted be as high as possible and that the temperature of the sink 
to which it is rejected for heating purposes be as low as possible. The 
smaller the spread between evaporator and condenser temperatures, the 
lower is the required work of compression and the higher the coefficient 
of performance. Both water and air, therefore, are practical mediums- 
to which the condenser heat may be rejected, but the generation of steam 
requires too high a condenser temperature. Economy therefore favors 
that the heat pump be used in conjunction with either water or air heating 
systems. 

The source of heat supply for the evaporator may be air, ground water, 
or the earth itself, depending upon the climate and topography. As yet, 
utilization of solar radiation through low-temperature storage sumps has 
not been attempted, but apparently there is no reason why this might 
not provide a source of heat at or above 32 F with proper development. 
The problem of utilization of solar energy has never been one of the quan¬ 
tity of heat available but rather of its utility at comparatively low tem¬ 
peratures. Here is a possible application that fits these requirements. 

Air is abundant, convenient, and easy to handle, but the heat-pump 
efficiency decreases and* the heating requirments increase as the outside- 
air temperature drops. Also, defrosting becomes a problem at operating 
temperatures below freezing. If the air-temperature drop is kept low, 
large quantities of air must be handled. This would involve large equip¬ 
ment and possible noise problems. Thus practical considerations seem 
to limit the present systems using air to climates like those of the extreme 
southern parts of the United States, where temperatures under 20 F are 
not encountered. r 

Water from lakes, rivers, and wells may be used. Water from wells 
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is preferable since here the water temperature is fairly constant the entire 
year and is 50 F or higher even as far north as Minnesota. However, 
means for returning the water to the underground reservoir should be 
provided to prevent depletion should there be any widespread usage of 
such systems. A “water-using” unit would be smaller than an air unit, 
since higher temperatures are involved and since the volume of water is 
less than the volume of air that must be handled. Disadvantages of using 
well water include the problem of locating an adequate supply, the cost 
of the well, and the problem of water disposal. 


HCAT REJECTED TO OUTSIDE AIR HEAT ASSOI 



INSIDE AIR TO SE COOLED 


COOLING CYCLE HEATINS CYCLE 

Fig. 6.6. Air-to-air cooling and heating loads. 

Recently much consideration has been given to using the earth as a 
heat source. 2 * Installations have been made where the refrigerant coil 
was buried in the ground and also where a heat exchanger was used with 
a circulating-water coil buried in the ground. One disadvantage seems 
to be the large amount of heat-transfer surface required. 

Since development of the heat pump to date includes the use of air, 
water, and earth as heat sources and air and water as heat sinks, there are 
six possible combinations of source and sink in application: air to air, air 
to water, water to air, water to w ater, earth to air, and earth to w r ater. 
An air-to-air system is shown diagrammatically in Fig. 6.6, arranged for 

*Kemler, E. N., “Heat for the Heat Pump.” Heating, Piping and Air Con¬ 
ditioning, Vol. 18, No. 12 (December, 1946), p. 85. 

* Ambrose, Kemler, Smith, and Holladay, “Progress Report on the Heat Pump.” 
Heating and Ventilating , Vol. 43, No. 12 (December, 1946), pp. 68-82. 
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both the heating cycle and the cooling cycle. Further application of the 
heat pump is discussed in Chapter 17. 


Example 6.3. A vapor-compression refrigeration system has a rated capacity 
of 10 tons of refrigeration when operating with Freon-12 isentropically between 
evaporator and condenser temperatures of 32 and 95 F, respectively. If there 
is no subcooling of the refrigerant leaving the condenser and no superheating of 
the refrigerant entering the compressor, determine (a) the coefficient of per¬ 
formance of the refrigerating machine, (b) the coefficient of performance of the 
system operating under the same conditions as a heat pump, and (c) the heating 
capacity of the system operating as a heat pump. 


Solution: 

(a) 

(b) 

(c) 


c.p. 


c.p. = 


81.8 - 29.5 
89.4 - 81.8 
89.4 - 29.5 
89.4 - 81.8 


= 6.9 


= 7.98 


Heating capacity = (10) (200) (60) 


89.4 - 29.5 
81.8 - 29.5 
= 137,300 Btu per hr 
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PROBLEMS 

6.1. An air refrigeration system, operating on a closed cycle, is required to 
produce 20 tons of refrigeration with a cooler pressure of 225 psia and a refrigera¬ 
tor pressure of 65 psia. Leaving-air temperatures are 70 F for cooler and 30 F 
for refrigerator. Assuming a theoretical cycle with isentropic compression and 
expansion, no compressor clearance and no losses, determine (a) pounds per 
minute of air circulated, (b) cubic feet per minute of compressor piston displace¬ 
ment, (c) cubic feet per minute of expander displacement, (d) coefficient of 
performance, and (e) net horsepower per ton required. 

6 . 2 . Solve Problem 6.1 if compressor and expander clearance is 4 per cent, 
expansion is isentropic, and compression is polytropic with n = 1.30. 

6.3. Dry air is supplied to the cabin superchargers of an airplane at 14.7 
psia and is discharged at 29.4 psia and 275 F. Fifty pounds per minute of this 
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air is supplied to the primary intercooler of an air-cycle refrigeration system. 
Determine (a) the air temperature leaving the intercooler if 1425 Btu per min 
is removed. From the intercooler the air enters a secondary compressor (n 
= 1.4), where the pressure is increased to 46.5 psia. Determine (b) discharge- 
air temperature and (c) compressor horsepower (mechanical efficiency = 86 per 
cent). The air then flows through a secondary intercooler, and 1440 Btu per 
min is removed. Determine (d) the air temperature leaving the secondary 
intercooler. The air then enters an expansion turbine (n = 1.3), where the 
pressure is dropped to 14.85 psia. Determine (e) the final discharge-air tem¬ 
perature, (f) the work recovered from the expansion turbine (mechanical effici¬ 
ency = 68 per cent), and (g) the tons of refrigeration developed if air is heated to 
75 F. 

6.4. A steam-ejector water-vapor system is supplied with motive steam at 
150 psia, 98 per cent saturated. Flash-chamber water temperature is 45 F. 
Make-up water is supplied at 70 F, and the condenser is operated at 2 in. of 
mercury absolute. The nozzle efficiency is 90 per cent, entrainment efficiency is 
65 per cent, and compression efficiency is 78 per cent. The quality of motive 
steam and flashed vapor at beginning of compression is 90 per cent. Determine 
(a) pounds of motive steam per pound of flashed vapor, (b) quality of vapor 
flashed from flash chamber, (c) refrigerating effect per pound of flashed vapor, 
(d) pounds of motive steam per (hr) (ton refrigeration), and (e) cubic feet of 
vapor removed from flash chamber per (hr) (ton refrigeration). 

6.6. A steam-ejector water-vapor system is operating under the same 
conditions as in Problem 6.4 with the exceptions that the quality of motive steam 
and flashed vapor at the beginning of compression is unknown, and the quality 
of vapor flashed from the chamber is 97 per cent. Determine (a) pounds of 
motive steam per pound of flashed vapor, (b) quality of mixture of motive steam 
and flashed vapor at the beginning of compression, (c) pounds of motive steam 
per (hr) (ton of refrigeration), and (d) Btu per (hr) (ton of refrigeration) removed 
from the steam mixture in the condenser. 

6.6. A steam-jet refrigeration unit is used to supply cooled drinking water 
directly. Make-up water is supplied to the system at a rate of 20 gph, and drink¬ 
ing w'ater is removed at a rate of 15 gph. If the concentration of salts in the 
supply water is 18 parts per thousand, determine the equilibrium concentration 
in the evaporator water. 

6.7. A refrigerating machine is to be designed to produce 300 gpm of chilled 
w’ater at 40 F with supply w’ater at 60 F. Either a steam-jet or a water-vapor 
centrifugal system may be used. Water vapor entering the compressor or ejector 
from the flash chamber has a quality of 0.98. Determine (a) required capacity in 
tons of refrigeration and (b) pounds and cubic feet of vapor removed per minute 
from flash chamber. 

6.8. A centrifugal refrigerating system operates with an evaporator tem¬ 
perature of 40 F and a condenser temi>erntiire of 85 F. If it is assumed that the 
compressor has radial blades and that the theoretical maximum head may be 
developed, determine the ratio between the required rotative speeds for Freon-11 
and water vapor as refrigerants. 

6.9. A centrifugal compressor, designed without intercoolers, operates with 
Freon-11 between the temperatures of 20 and 85 F evaporating and condensing, 
respectively. The compression efficiency is 75 per cent, and the condenser- 
water temperature rise is 15 F. If the system produces 200 tons of refrigeration, 
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determine (a) pounds of refrigerant circulated per (ton) (min), (b) cubic feet of 
evaporator vapor compressed per (ton) (min), (c) cubic feet of vapor per (ton) 
(min) discharged from the compressor, (d) theoretical horsepower per ton of 
refrigeration, (e) coefficient of performance, and (f) gallons per minute of con¬ 
denser water. 

6.10. A heat pump is to be used for heating a building with a design load of 
50,000 Btu per hour. Water at 50 F is available as a heat source, and the air 
supplied to the rooms is to be at 100 F. A 10 F differential is necessary between 
condensing refrigerant and supply air and between evaporating refrigerant and 
heat source. If the actual c.p. attained is 70 per cent of that for a reversed 
Carnot cycle operating between the same temperatures, determine (a) the actual 
c.p. and (b) the compressor horsepower required to supply this heat load. 

6.11. Determine the cost per 1000 Btu of supplying heat in your territory 
for (a) oil, (b) gas, (c) direct electric heating, and (d) heat pump. In calculating 
gas and oil costs assume heating-plant efficiencies of 80 and 75 per cent, respec¬ 
tively. In calculating heat-pump costs assume a condensing refrigerant temper¬ 
ature of 110 F, an evaporating refrigerant temperature 10 F below local 
nonthermal water temperatures, and an actual c.p. 70 per cent of that for the 
reversed Carnot cycle. Assume a compressor mechanical efficiency of 80 per 
cent, with the compressor located in the air stream being heated. 

6.12. A heat pump is to be designed for the compression distillation of sea 
water to supply small amounts of potable drinking water. The supply of sea 
water is 1.25 lb per hour and the discharge from the system is 1.0 lb distilled 
water and 0.25 lb brine per hour. The evaporator and condenser are combined 
in one unit, with the water evaporated at 212 F and 0 psi compressed adiabatically 
and discharged to a condenser coil located in the evaporator. The system is 
started with an electric heater, after which the heat of vaporization is supplied 
by the condenser. To increase the efficiency a system of heat exchangers is 
incorporated with sea water entering at 60 F, drinking water discharged at 80 F, 
and brine discharged at 70 F. The specific heat of sea water is 0.97 and of 
brine at discharge is 0.84. Assume steam tables to be correct regardless of dis¬ 
solved solids and assume no external heat losses. Determine (a) pressure 
required for compressor discharge, (b) compressor input in horsepower and 
watts, and (c) electrical input required for equivalent distillation rate accom¬ 
plished by electrical resistance heating only. 


CHAPTER 7 


Compression Refrigeration Machines 

7.1. Introduction. Compression of a refrigerant gas may be accom¬ 
plished by any one of several different means. Positive displacement 
may be used, as in the reciprocating, rotary, or gear types of compressors; 
centrifugal force may be applied, as in the centrifugal compressor; an 
ejector may be used, as in the steam-jet refrigeration cycle; or absorption 
of a low-pressure refrigerant gas in a secondary fluid, followed by the 
absorbent’s release upon application of heat, may be utilized. The basic 
theory involved in the first three of these methods was discussed in Chap¬ 
ters 4 and 6, and the theory and application of the absorption refrigeration 
system is presented in Chapter 15. The equipment used in the practical 
application of positive displacement (reciprocating and rotary compres¬ 
sors) centrifugal, and ejector refrigeration systems is discussed in the 
present chapter. 

7.2. Reciprocating Compressors. The equipment used for compres¬ 
sion of the refrigerant forms the heart of the refrigeration unit, and the 
positive-displacement reciprocating compressor is the compression system 
most commonly used today. Although present-day compressors are 
fundamentally similar to those constructed in the latter part of the nine¬ 
teenth century, many refinements have been made. The original recip¬ 
rocating compressors were slow-speed (50 to 55 rpm) steam-driven 
devices, and frequently using liquid refrigerant, or in some cases oil 
injected during the suction stroke, for cylinder cooling. The original 
units were manually controlled, and small fractional-tonnage machines 
were unknown. Modern reciprocating compressors are usually electric- 
motor driven, high-speed (up to 3500 rpm), and usually air- or water- 
cooled. Low-tonnage and fractional-tonnage machines are usually 
completely automatic, and large compressors are usually semiautomatic. 
The modern development of high-speed and fractional-tonnage compres¬ 
sors, together with automatic control, has made possible the extension 
of refrigeration equipment to a great many applications previously con¬ 
sidered impossible. The details of modern reciprocating-compressor 
design are discussed in the following sections. 

7.3. Reciprocating-Compressor Cylinder Design. All reciprocating 
compressors consist of one or more cylinders suitably valved for suction 
and discharge of the refrigerant gas and containing reciprocating pistons 
for compression. The design of the cylinders may vary as to number, 
arrangement, and action (they may be single-acting or double-acting). 
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Cylindw AwUTigemwt, JSjnglc-flctihg ,cdniipte8S0C8 itsutdly bavi? their 
cylinders 'arranged vertically, 'ngaH^idly^ .nr j» a F or If. Bouhlf-a.cdrig 
compre«fi»>rs usually have their eyiindeffc arranged horizontally- ^ 86^6- 


Courtesy WorthingtonI%urpfind 


Horizontal double-artwcc .cohipre&Mtk 


Fig. ?.&. C'orulfjising unit. \(.V».»rte$Y-General Kfatric Co. 

acting compressors eotopr^s ii»> refrigerant .t.m]y im tlie upward stroke, 

chara- 

hert' COi ir^th lhc head and vrank efid of tl^ ptAtoio HO t hat a new charge 
of. gas is always being drawn into the onnYp.res*or while a second charge of 
gas is being yca>ra pressed on the opposite side of the piston... Figure 7.1 
shows a typical i-friiml'Hirujlf-actintj .compressor and Fig, 7.2 a horizontal 
doublfMtciinff'-m rttpresso?;. A V cylinder arrangmeut of a single-acting 
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compressor is shown in Fig. 7.3, and a radial compressor is. shown in Fig, 


to a great extent the deyedopment, of the atyam engine,, and its design 
includes boxes #$&; liMr-'^^ 'ejfygfe^; 

if _._^SlBfc 


Fig: 7.4, 'rtwiiai cmrtpu^'t. Owruv'y C'hrysjo.' Cotp., 

Ajrfvuip Divisinib 

fn recent years the hiaizmilal double-art mg compressor lias almost dis¬ 
appeared from hew applications; the .singkviwtijiig cbm pressor, -sinth its 
smaller space requirements, higher speeds and gmafer (lexitvilify, dom- 
iruttes the market. 

Number uf.^jlindp-H. The- design of. T^dphNddihg eoxnpresets .is 
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Kig. 7.7. TwcHtryBiwIpr' veHItjal jidtngw&nri 'dipping 

■ Carp..- York, . 

the operation ot reciprocating : etmipiessor* (see Chapter 4) frequently 
makes it dost table ,t*>- use- safety. heads** - in large'machine*.. Figure 7.7 
.shows a tu'fK.ytiml*? rertmil. ammonia- compressor incorporating safety 
heads. 

rely upon refrigerant. filters for the removal 
of foreign mdUrird.. ihsonie armril-ry'iinilor, high-speed lulrapressnrs the 
discharge valve, loca t ed m the head of the cylinder, consumes practically 
the entire head area, and therefore functions as both h discharge valve and 
a safety head, ' * . ■• • . . • 

MuUipie-Ejfcci Cawpivwirz. The principle of duo/ or Hititiiplr-tjftct. 
compression, (tiw Chapter |3' hus been known fur many yenr$v Huch 
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systems are designed so that on the downward stroke of the piston a charge 
of gas from the low-pressure evaporator is first drawn into the compressor. 
Toward the close of the suction stroke a valve or port is uncovered which 
permits gas from the high-pressure evaporator to enter the cylinder, thus 
supplying a part of the charge as well as partially compressing the low- 
pressure evaporator gas and closing the low-pressure suction valve. 

This principle is not readily adaptable to one- or two-cylinder com¬ 
pressors. If two evaporators of known loads and at known operating 
temperatures are to be operated with a dual or multiple-effect compressor, 
it is possible to design that compressor with a medium-pressure suction 
port opening at the correct point of the piston stroke. However, the 
design is inflexible, and varying loads and temperatures cannot be pro¬ 
vided for with a single inflexible unit. Even more important, it is almost 
unpossible to predict the exact ratio between the two evaporator loads 
and therefore the correct points for the two port openings. 

Recently the radial compressor, designed with high speeds and with 
many cylinders, has been suggested as a practical system for the applica¬ 
tion of multiple-effect compression. Here a portion of the cylinders may 
be adapted to multiple-effect compression with the remainder used on 
single compression. Furthermore, comparatively inexpensive cylinder 
liners containing the secondary ports may be installed or changed after 
installation so that the balance between compressor and loads may be 
made under actual operating conditions. 

Stage Compression. Stage compression may be accomplished with 
either reciprocating or centrifugal compressors. Usually, with recipro¬ 
cating systems, separate compressors operating from individual power 
sources are used for each stage. Some multiple-cylinder compressors, 
however, are so installed that some of the cylinders are operating as a low- 
pressure stage, the others operating as a high stage. In such a case care 
must be taken to see that the work of compression on each stage is approx¬ 
imately the same. The theory of stage compression is discussed in 
Chapter 13. 

7.4. Reciprocating-Compressor Drives. Practically all of the early 
reciprocating compressors were steam-driven, usually by Corliss engines, 
with a few small domestic refrigerators operated by water power. Such 
equipment is now obsolete, and practically all modem refrigeration com¬ 
pressors are driven by electric motors. A few large steam-driven com¬ 
pressors are still being installed and used where steam forms the most 
economical source of available energy. Some, for use where electric 
power is inaccessible or for truck transporation and similar purposes, are 
designed for operation with internal-combustion engines. 

Open and Hermetic Compressors. Compressors may be further sub¬ 
divided as open-type compressors and as hermetic compressors. With the 
open type, power is received from an external source with one end of the 
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crankshaft extending through the-crankcase to either a direct motor drive 
or a V-helt, gear, or chain drive. With such a design it is necessary to 
seal the er&ttkeasse AgainstFefri^rant leakage at the point where the shaft 
emerges in puKtioally ah ease* the crankcase is exposed to the circu¬ 
lating refrige rating gas. and leakage around the shaft must be prevented 
under both static and moving eruditions. 

compressors the piston rod slides back arid forth thrbugh a .stuffing box, 
usually sealed Hvith asbestos And graphite or a metallic or semimetallin 
packing. Most KGTi\pY£$&m dri- ■ 
signed with a rotating sluift emerg¬ 
ing from the crankcase.- utilise a . 

bellows or sylphon seal of v liicii '' 

there are several design?- One.Mch THy. 

design, shown b< Fig. 7S, countsi* <«f • j 'JJl CTP Ba WjJ 

a gasket and Hextfvl* springH-.v,>t*4H.ie.i - d•;tTHIr^y . 1 

bellows attached to the. •.•rank-bid! ' 


with a ring on 
against n smooth bearing suface wp 
the crankcpse. .ith a rejasoimblp 
spring pressure of 30 to 50. lb pet; 
inch and with normal Uibri-. 


scpiare 

cation. refrigerant leakage is reduced 
t o a minimum both trader operat ton 
and stationary conditions. Appli¬ 
cations.of this type, of seal are shrtwh 
in Figs. 7.1 and 7.5. 

The- hermetic type of compressor 
may be*toherreciprocating or rotnty 
Arid, is a direct -drive unit, with both the motor and thecoot pressor benreo- 
Jfc&liy seafed within the housing. This ur-rntsgeinent ehtpfnatek the neces¬ 
sity of any shaft seal and jeonsequemiy prevents refrigerant leakage at 
that ptohhTf also reduces the operating ndik*, because the external 
drive \$ also eliminated. It has the disadyarttage, however that the 
moving Lubrication is greatlT sirn- 

plified/ since boith the mdlor «hd the compressor operate in a sealed space 
with the lubricating oil. Figure 7.9 shows a typical hermetic .recipro¬ 
cating compressor and Fig. 7.10 a typical hermetic rotary unit. 

C<mprhkor Speemi The trend in modern compressor design is toward 
higher operating Speeds. Whereas the- origvmit steam-driven reciprocat¬ 
ing compressors operated at approximately- SO rpm, modem compressors 
operate from 250 to 3400 rpm. Recently -some designs. of compressors 
have been operated ekpdrimeniaily at ..speeds as high as 5000 rpm with 
satisfactory results. The ad vantages of high-speed operation are obvious, 
because each locrcase ip compressor speed reduces the displacement 


Fig. 7 8 . Bellow* crankshaft seal. 
Ijtu'li'Sy Universal toe-lev Division, 
JaivriiatiQpal Dctfola Ckirp. 




Fig. 7.0. 0'fnnetic twiproea* mg i-wupoA'WH. Courtesy Cuiversal 'Cooler Division, 

Jrticriuitiotm! AKHv.jla C«>rp. 

pressure iliffereatiftl required far \ jjlyt? operation will result in ap imwaae 
m work of corri|jre»«i<>ti weli as- a decrease in the riearanee yplu- 
nvirie vffivtier^;y 

CJmupiesKsr l/carifijj* may be either of the 
&lm>c type or the anlifticfim type. The letter i^ itsual3j r limited to the 
muio bearing The <*rank«hat>.s of larger e-empressor* are usually 

of the crauk-lhrow typo, made of drop-forged steel and frequently case¬ 
in; id owed. However, if the bearing loads are h«w, smtd! compressors may 
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be deigned with eccentric*, in' place of crank throws. Those eecen tries* 
usually thadr* of cast iron, are fastened td a straight jsb&ft witfe f be beai'in^ 
end of the comieeting rod completely encircling; the eccentric. Figures 
7.3 and Tt* show eonqrrcssors irieorpomtmg the crunk-throw or ojfm type 
of eranksbo.ft. and Fig*. 7.1 and ;7.o show compressors incorporating the 
rca-nirit'. type <4 emnkshafb 



.Fig 7.10. Hermetic rotary compressor. 

Courtesy Norge Division, Ijorg-W&rw'r Corp. 

Comprtp.'wr Capacity Co rural , 'Control .;*» compressor capacity may 
be obtained in -several *\-uyt.. .This l h.dikotssed in Chapter 14. 


tling, it they could be ’.applied properly, but they have proved unsatis¬ 
factory because each change in tjhe lum.deuser or evaporator operating 
pressures requires a cbsmge iai tho' yalyy ^ttlug. With the pressure- 
differential tyf*ns of valves the suction valve' opens when the cylinder 
pressure reaches a point slightlv below the suction-dint' pressure, and t he 
discharge valve opens when the compressor pressure’ exceed* slightly' 
the discharge-linr> pressure.. Thus the comprenssksn range ia frorn ktrue- 
what below the evaporator pressure to somewhat above the ’condenser 
pressure. The pressure differentials required for operation of the valves 
depend upon the vaivu* design arwi the compressor speed. 


7.5. Reciprc)ealhig42ompressc 

trVedyes. Alirel 

rigera ti on oompressor 

suction and $W l arc dej 

jenderit hir their o 

perat ion upon it differ- ; 

ence in pressure between the ho 

iide iif iiie cyhhd 

or and the suction or 

discharge lino. Mechanically op 

valves wau 

Id reduce t^iilve throt- 
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Valve. Artyngerncfifc Tbo sueUoR ftiid discharge valves: may be 
arranged either with froth placed in the ebnipressot OtOviththe siie- 
tiou valve ip the fopoFthepiOon and t he diselwgy vaiyp in the cc«a- 
preawor head. WithThe; iattetr the vMephngos* ffiAv te Aibnitted 

^iher through tlie eylindeP waU *?r i Itrough ii^vmnpregjwr criuilc&wse. 
The unijfair arrmigmept ■with the suction valve in the head of the piston 
and the discharge valve m'the' head of the cylinder in the usual design for 


W?.y*av4nwJrrl 


/i»t‘ lit 3ff -U * Wj K»/AVCi I P 


&Z 


Fag. 7. 1JL - • • • compressor with tftoflcuv valw arraogeTh^fiiJjv Cmir^y Carrier 

Corp. 

large ammonia compressors Armngments .vuh ?.»»th auction and dis¬ 
charge valve s m the cylinder head are usual with small pv fractional* 
tonnage compressor:-. Figures 7 T and 7.11 *h«.Av compressors with 
unifkiw valve armngfrteflts and Figs. 7 J and 7 ,n emtitpresse'rs With both 
pttydipn and discharge calves in Hie cylinder homJs. ’ 

Volve Di-sipn. (Oppressor suction and ’>scharge valves may be 
classed as cither pojyp'j.., rmu-plnu y or jkxir.q. All operate upon pressure 
differentdaily' mid: there are ■Pitipjtpf. eaph vlaas. Typical 
muiiii^^ap^,t40K valvea fop a unidoVf arrangmiejit are shown 

in Fig. 7.12. A (\piMl b-in , t.hmuring rintj-pfofc valve is shown in 
Fig. 7.13. Typical /hrfop valves for fmctional-toriiinge compressors are 
dio’Ut in Fig. 7.14 On small compressors both »h* stiviioD. and dis- 
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eharge valves lire uBviaiJy mj>tjnt4x'l an yjtlve.plaie itssemblfe that may 
be removed ass a unit after fhedsead of the cofr»pi , ^i>r : i&rtii)t)olj^di 

7.8. Reciprocating-Corii^fe^sor Lubrication and Cooiiug. Lubri¬ 
cation of early kvwp^peed ebmpriMsore was simple b.e<^V4b ib^rindtent 


Fig. 7.12. Pdppet-typc fftiction valves. /Courtesy Vtt|dt'- ; C’Sprj^Vy.''X 0 fl { t fViiim, 


tCmch, Siring,; ring-plate valve 

j, h u; vmM, 


Courtesy 


oiling by the operator was sufficient. Borne compressors.were lubricated 
by the injection of oil on each stroke at the. same time that t he sOcribn 
gas was dra'-x n m teethe compressor. Thus the lubricant- s*er\v»i both for 
lubrication of the moving parts as well as for cooling of the compressor. 
These methods are of course completely unsatisfactory for modern, high- 
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speed c ompree^>rs. T%v&%y%tems ( *pta*k lubrication mdfweed lubrication : 
are common ni present. la splash lubrication, with each rotation of the 
shaft the crank and connecting rod dip into the crahkease oil resen r o)r 
and thereby splash lubrrchpl iri&j a|x?d{n|^ thrif, 'vM allow it to 
work into the moving, parts, targe > w • . JMuaUy: equipped 

with forced lubrication systems involving s* sepHritie jdi ptimp to maintain 
circulation. The oildshikuhllt fiifrired .arid’ e|%fcribh^d'fd'-the bearings, 
crankshaft,- connecting rods, and wrist pins. A typical small unit using 


CTftukshal't are shoe, n in Figs. 7.7 and 7.15. 

In n refngeroi ion svkhmh in which ?he .lubricant comes iuto direct 
contact With the refrigerant, it ir um v .s>>ary that, the hdocaiu be as/re, 
front m^m0\ possess .a ■■$«$', ,!«$“ not exhibit the 

phenomenon .if inn ■»\-por<\tnm upon a, lowering of the temperature; and 
p^e^;d.')rihdh^|r; high fa*A yainf nml a hio 'sulfur, content.. It shoifld 
also h«vc' u pmr-pMtit iempetaiure low enough to prevent congealing if 
the oil ? cue hi--the lios'-tenipentturd oorrions of the .system and vet. he 
able tri lubrihiite s&risiuetdrily -at high tefii,' v >eratiii-es. Thus a highly 
refined and properly treated od must be need. When the relrigdrHOJ 
, -en;-v in contact with the hd/nenm. n-trigerafimt-coropressor operation 
•involves sotne additions! pri^demxfhritAiqroqdly found in the lubrication 
of *.-!her equipment. 

The onjnr of .uduhiti'tif *>f i.he refrigerant'in the oil Varies with the 
refrigerant."- Fur example, with sulfur dioxide and the Freon refrigerants 


<pyr, * - 
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the solubihiy i^ iftw';' \yfofi#eas with methyl chloride Jt ijs ttuite high (see 
Chapter 5). Him solubihtygtves rise to the 

a term used to d^oribe the release of the 

lubricating #3 upon a sudden drop in crankcasep)re|^i^.--Qr^judd®i rise 
in temF«jr4tnre.v When, oil foaotmg occurs, 
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the condenser to collect and return the lubricant to the crankcase (see 
Chapter 14). It is evident that the lubricant may be subjected to both 
the low temperatures of the evaporator as well as the high temperatures 
at discharge from the compressor, and that for satisfactory operation the 
lubricant must operate satisfactorily over this wide range of temperatures. 

7.7. Reciprocating-Compressor Cooling. Many early compressors 
were cooled by operating with a wet compression cycle (see Chapter 4). 
Despite the slightly higher coefficient of performance of the wet as com¬ 
pared with the dry compression cycle, the reduced capacity of the com¬ 
pressor, together with the danger of an excess of liquid refrigerant in the 
clearance spaces, causing compressor damage unless safety heads are 
used, has practically eliminated this means of cooling in modern 
compressors. 

Large compressors are usually water-cooled, with the water jacket 
either cooling the cylinder walls or both the cylinder walls and the com¬ 
pressor head. Modern small compressors are either water-cooled or air¬ 
cooled, with extended finned surfaces cast on the exterior of the cylinder. 
In a few cases small compressors may be found in which there is no 
attempt at any purposive cooling other than through transfer from non- 
finned surfaces to the lower temperature ambient air. A water-cooled 
compressor usually runs lower in temperature than an air-cooled unit, 
but even under the best conditions cylinder cooling removes only a por¬ 
tion of the superheat of the refrigerant gas. However, whatever super¬ 
heat is removed from the gas results in some decrease in the work of 
compression as well as a reduction in the load on the condenser. Typical 
water-cooled compressors are shown in Figs. 7.7 and 7.15, and typical 
air-cooled compressors in Figs. 7.3 and 7.11. 

7.8. Rotary Compressors. In recent years rotary compressors, 
usually hermetically sealed, have become quite popular for fractional- 
tonnage refrigeration applications. In general, the design of rotary 
compressors may be divided into two classifications: (1) those in which 
the sealing blades rotate with the shaft and (2) those using one or more 
stationary blades for sealing the suction from the discharge gases. The 
single-blade rotary compressor (see Fig. 7.10) is the more popular. Here 
an eccentric driven rotor revolves within a housing in which the suction 
and discharge passages are separated by means of a sealing blade. 
When the rotating eccentric first passes this blade and the suction open¬ 
ing, the compressor suction space is very small. As the eccentric rotates, 
this crescent-shaped space becomes increasingly larger and thereby draws 
in a charge of suction gas. When the eccentric again passes the blade, 
the gas charge is cut off from the suction inlet, compressed, and dis¬ 
charged from the compressor. Thus the action of compression and suc¬ 
tion is continuing at the same time, with the compression and the suction 
spaces separated by the sealing blade. 
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There are many modification* of detail in the. design of rotary com- 
pr«$«ors, but practically all operate upon the same general principle. 
Rotary chrhpressqiv have the advantage of being quiet ir. operation and 
reasonably Irtee f f Otp vibrat liefrigerants Hqu tririg a Niasdnabty high 

volumetric displacement, per ton. of refrigeration -may be uaed .saiisfac- 
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Fig. 7.16. Air-cycle refrigeration unit for Lockheed ;f*on#fdIaUoit-. Courtesy Idct 

liecd Aircraft Corp. 

torily with this type of unit, hot ary compressors do not deliver as grytd ; 
a volumetric displacement as centrifugal compresson of eorupumhle s* vj»% 
but the dlspktcemont is usually higher titan that of wthpi-trably recipro¬ 
cating compressors 

7.9. Air~€ycte Refrigeration Equipment. A ir^cycie refrigeraticat 
equipment, as originally developed in the niuetoetdh. century and a* used 







C:OM PR ESSID 3 S? R EFR to ER ATI ON MACHINES 


to some up until the 192(1 % is< now obtioieto- Although 8tafcb>U&ry 

air compressors and expanders lor iscntropie air expansion and cuoung 
forift: a worked/re means of obtaimog refrigeration, such, -a system become* 
economically impraotioaV in >-funpeiit ion with ot her forms of refrigeration 
(see Chapter 6 \ .ihm.ng and since World War It, however, application 
has boon made of .refrigeration rii.ai re raft air-conditioning 

terns-. ?tetT lias power required tu operatet he system is of xmaUiropbr- 
tamre in comparison with theyize and weight, of the 'unit, Ir is a common 
misconception that aircraft flovyii at high alt it mb-s do not ret juiro refriger¬ 
ation for comfort cooling. In the summer months tempera lures ranging 


Mnili 


from 70 to 85 F arc often eticuumered at altitudes: of from 7001 ) to 
ft. Moreover, targe quaciities of heat are supplied to the cabin air by 
solar radiation, electrical and mechanical equipment., arid the occupants 
themselves: There is also art increase in temperature• of the moving air 
when it 0 brought, to rest (relative to the nirpUmei alt er passing through 
a verttiiation scoop «ra fuselage opi'ning. Tidi*'^entperatuiv rise iis 
approximately equal toT F at 180 mpb, \ i F -u 250 m.ph, 16 F at 300 
mph, and 20 F at 100 mph.’. Thus it is evidem that even unpriisstirucd 
aircraft require refrigeration under some condit ions, whereas pO^Unaed- 
Cftbin aircraft;.nperfdirtg at high altitudes, w here the work of hmnpre$uo» 
results in an additional air-tempernture increase, require even more 
refrigeration', and for greater periods of time 0 round rcfrigemtiou is 

requtrish fK-^Ueptly, fshico cppsidhridjlb l^nie elapses between id&ilahg at 
the air terminal and the point of tak'e-reff. during which the planes arc 
exposed in ground ardbieiit temperatures. This period may vary from 
5 mm foi a fiviRdlgmo transport toasmiieh ayllfqVl ,5 min for a ftYur- 


|p| I’, •Hii-h Sjxv'-t Airliners X.Mcd. ’IMnpmtimii 
@nQttHMTinQ, .Vyl • ij&;vf<S^ 4- (irW.0ih 4 r,. V.Whf, R, 2M)3f 
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engine transport, and unavoidable ground delays may increase it to as 
much as 30 min. 

Several different refrigeration systems have been applied to aircraft 
with varying degrees of success. A vapor-compression refrigeration 
system proposed for the Lockheed Constellation 2 would weigh approxi¬ 
mately 58.5 lb per ton of refrigeration. This airplane would require a 


SUPERCHARGE ft NO. I 


SROUND 

VENTILATION FAN 


SUPERCHAROER NO.t 



Fig. 7.18. Cabin air-conditioning system for DC-6 Transport. 
Courtesy Harrington Manufacturing Co. 


10-ton vapor-compression unit with a 17-hp compressor motor and a 5-hp 
motor for the condenser fan. An additional disadvantage would be the 
poor accessibility and removability of the refrigeration system. A dry 
ice (solid-phase carbon dioxide) refrigeration system for the same plane 
would weigh approximately 131 lb per ton of refrigeration at the start of 
a cross-country flight and, after half the flight time had elapsed, approxi¬ 
mately 88 lb per ton. Maintenance difficulties and poor removability 
would again be undesirable features, and the additional problem of 
handling dry ice would be involved. 

When compared with these two refrigeration systems an air-cycle 
unit has several inherent advantages. In a pressurized plane, cabin 
superchargers are already required equipment and are needed primarily 
for high-altitude flying when refrigeration is least necessary. Thus at 
intermediate altitudes a portion of the supercharger capacity is available 


* Messinger, Bernard L., “Refrigeration for Air Conditioning Aircraft.” Refriger¬ 
ating Engineering, Vol. 51, No. 1 (January, 1946), p. 21. 
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for refrigeration purposes, antii|!iO ftpp<jre%rgers need not- be any larger 
in capacity than when used for pr^surizatio-n alone. The air-cycle 
refrigeration system designed for the Lockheed Constellation an* 1 
actually used in if has'a capacity of approximately 10 tons* ami the 
weight oft lie Unit with ail necessary accessories rhyrgrttbSe k< the refriger¬ 
ation system is approximately 250 lb. Therefore the weight of the system 
per ton ftf refrigeratiow ts 25 lb. Id addition to low weight,. an air-cycle 
refrigeration system has the advantage that the equipment• can be eon- 


7 10 Xtt'ttl ’Vir-eyrle j^frigeratiofl 
Coiirn^j^llamtigtoi) MafiiiFiicturing C 


tained in a single reymivable unit with only air inlet and air outlet con¬ 
nections. No mechanical or .electrical power is required: it' can hr 
located in an easily accessible'part of the plane, refrigerant leakage i- 
unimportant, and the unit jg. easily repairable.- 

7.30. Aircraft Air-Cycle Refrigeration Equipment. Figure 7.01 
shows a cutaway sketch of the* air-cycle refrigeration unit used in die 
Lockheed CottMidlatioti, and Fig. 7.17 is a photograph of the s&nv* 
systnlft, Tbe a}r front diho ^abih mpvTGttd'r§#re is introduced into the 
xmmtMry compressor < Fig. 7.K>) for. additional rumprwssipn,' with .an 
accompanying rise in air temperature From here the air passes through 
the Mrm0br^ in&Tcvoten, ^hefe.rJiy portion of the heat is removed by 
forced convection. The air is then introduced into the crpaimon-tvoltn*) 
(urhim, when* the air is expanded isenitopically and the woj-ka.>f 


expan¬ 
sion is rewjyerhd to supply th^tsfo^iwy •povr*6-ft>r. the^sfeetitiriidArji* cuhi- 
pr&ssor and the intercooler fans. No additional shaft work is required 
for operation of these mut.-s, since only par rial eompressioD -occurs in 
the aecondary compressor, The entire unit weighs 150 lb and is remov- 




COMPRESSION R EFR1GER ATJON M./VCBJ KES 


ithle the airplane w heu^ver refrigeratipn ia not retired A cabin- 
air by-pas? duct and by-pass valve, also, shown in Fig 7, 10, is so 
fttnFapgtHl that any proportion of the air niftybe automaticallyfcry-passed, 
dependent upon the cabin cooling demands. 

Figure 7.18 shows schematically the•'cabin: air-conditsomng system 
used in the •American Airlines DC-G transports. This oi.vit includes a 


Fig, 7:20. Steam-jet wnn-r-eoelin* *>>tern. t »>tnr*y Co 


humidity level witbin the airplane. Figure 7 19 shows the :ii<--cv ! >!< 
refrigeration expa' (ur J n$j^ Jttti , and. ttjif<"cool*r designed for t ins air¬ 
plane. Hem-again the work of the expansion turbine is used to drive an 
axial-flow fun used to draw on through the efterepuior. 

7.11. Steam-EjeciQ? Reffigeradon Equipment. Slmm-jtt refrigera¬ 
tion system*. the theory of which \vAs described iai Chapter G. have their 
primary application m hi^i^clmpeni.^§ vvhtfer epplihg arid air condition¬ 
ing. ’ip: ai^eohdirionmg /systems beeause 

of the. complete a&ifHy of yrafer ft? ft fr<>jn vihriy 

tiori, and their ability to ad jbtttfload variaribna. The major 
disadvantage, involves the. maintenance of the: high vacuums necessary 
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for proper operation. Controls, which were unsatisfactory on early 
equipment, have been improved, and by 1947 there were more than 22 
installations, ranging up to 300 tons capacity, in New York City alone. 
Whether steam-jet refrigeration can be applied to economic advantage 
depends greatly upon the availability of a high-pressure steam source and 
a condensing-water source in large volume and at reasonably low rates. 
In some instances steam-generating equipment may be available and 
unused during the summer months when cooling is desired, or advanta¬ 
geous off-season district-heating steam rates may be available. Both of 
these factors help to determine the economic feasibility of such a system. 

The performance of steam-jet equipment, when measured by the 
pounds of motive steam required per (hour)(ton of refrigeration), 
improves rapidly with increasing pressure of the available steam. For 
example, in a typical system with a chilled-water temperature of 50 F, 
approximately 44 lb of motive steam is required per (hour) (ton of refrig¬ 
eration) if the available steam is at 25 psia, approximately 27 lb of motive 
steam at 50 psia, 21 lb at 75 psia, 18 lb at 100 psia, and 16 lb at 150 psia. 
All these figures increase with a lowering of the evaporator chilled-water 
temperature. There is little gain to be realized by increasing the motive 
steam pressure above 100 to 150 psia. 

Figures 7.20 and 7.21 show diagrammatically two typical steam-jet 
water-cooling systems. In addition to the high-pressure steam source, 
consisting of the evaporator, the booster, and the primary condenser, it is 
necessary to provide secondary ejectors and condensers in order to produce 
the initial evacuation of the system during operation. Pumping equip¬ 
ment is necessary to circulate the chilled water, which serves as both a 
primary and a secondary refrigerant, to the point of the cooling load. 

7.12. Centrifugal Refrigeration. A centrifugal refrigeration system 
operates upon the vapor-compression refrigeration cycle. Unlike the 
reciprocating and rotary machines, it is dependent upon centrifugal force 
and not positive displacement for compression of the gas. The theory 
of its operation was discussed in §6.5. Centrifugal units are particularly 
well adapted to large-capacity systems (up to 3000 tons), although it is 
also possible to secure units as low as 50 tons in rating. Because centrif¬ 
ugal units operate best with refrigerants possessing a high specific volume, 
they are frequently used for extremely low-temperature applications. 
They are adaptable to a wide range of temperatures from —130 F to 50 F. 
One important advantage of centrifugal machines is their flexibility under 
varying loads. Units may be designed to operate at capacities as low 
as 20 per cent of normal load with reasonable efficiency. 

Centrifugal refrigeration compressors are particularly well suited to 
direct steam-turbine drive because of their high operating speeds. The 
water-cooling equipment of one manufacturer is designed to be operated 
between 3500 and 4000 rpm for units developing 1000 to 2000 tons capac- 
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ity and from 7000 to $000 rpra (or unit* developma, 100 to 200 tons 
capacity. However, a great mafly appHcations, particularly in the 
smidhh'Fi^c ait- drived !>y electric motors. Power may be provided by 
motors M the Squirerlcaye, dip-rmit, of spttrfrrotmus typ fi designed to 
operate at, mlmvil sipeedsFid e<i\bj>ped with st^ndvird gear-type speed 
incra&tets... To a few application* httermlr$6mfai$ium cngitiM- wit h gen r 
speed tnereasers have formed the power supply. 


yttflpn- 


Fig. 7,22. ThwHiittgc centrifug'd refrigeration unit. Courtesy? Carrier Corp. 

7,13. Centriiugal-Refrigeradon Equipment. Cutaway views of three 
typical wnlrifuyul refrigeration units are shown in Figs. 7.2^ 7.23, ami 
7.2-4. The unit shown In Pig. 7.22 is available tti.eapof itien ranging froiii 
iOd hi. 1200 tops. The PAndeoMr, ^oporatof^ speed, incrmsrr, 

and motor are mounted on-s single base. FteorM.i F o-v* 1 -} as the refrig¬ 
erant, and the compressor is dwegned with sWup.S. •• The eotulenser 
is equipped with a fu-llff automahe purge to eliminate ah and other mm- 
eoudejisable gases, and the UhiF|^j^^^»pe*^;>vi#]f£• to permit 

liquid intercoolmg and thereby i l ie reuse the cycle■eliieieiicv. 

1'he unit shown in Fig. 7.23 is similar in design to that; described in 
the preceding paragraph and has tfo&catuimmty empomlor, molar, speed 
'itterttmr, and- compressor mouutdd upon a Fittgle base. The Upper drum 
is the condenser, the lower drum the ^yuporator, and the small horisontal 
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Two-stage centrifugal refrigeration 

lVrma. 


unit. Courtesy York 'Corp., York 






Fig. 7.24. Centrifugal refrigeration unit for water cooling 


Courtesy Trane Co, 
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drum shown between these two is a liquid intercooler used to increase the 
cycle efficiency. This unit is designed with a two-stage compressor and, 
as with the unit shown in Fig. 7.22, incorporates forced-feed lubrication. 

The centrifugal system shown in Fig. 7.24 is designed primarily for 
water cooling for air-conditioning and process purposes. It is constructed 
in sizes ranging from 50 to 200 tons. The smaller sizes are provided with 
two stages and the larger units with four stages of centrifugal compression, 
in all cases with direct electric-motor drive at 3600 rpm. Freon-113 is 
used as the refrigerant. The lower drum shown in Fig. 7.24 houses the 
water-cooler coil, eliminator plates, and, in the smaller sizes, the first two 
compression stages. The upper drum houses the third- and fourth-stage 
impellers and the condenser coil. 
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PART III 


Fluid Flow, Heat Transfer, Psychometrics, and 
Their Refrigeration Applications 



CHAPTER 8 


Fluid Flow and Fleat Transfer 


8.1. Fluid Flow. Refrigeration involves heat transfer, and in most 
cases heat is transferred to or from one or more fluids. Therefore, in order 
to design or select practical, efficient, and economical heat exchangers, 
fluid pumps, and interconnecting piping, both as separate units and in 
combination in complete systems, a knowledge of the basic fundamentals 
of fluid flow must first be acquired. In general there are two types of 
flow: (1) free, natural, or gravity flow and (2) forced flow. Forced flow 
is further subdivided into three classifications: (a) viscous, laminar, or 
streamline flow, (b) turbulent flow, and (c) supersonic flow. The last 
does not occur as yet in common refrigeration work. 

8.2. Gravity Flow. This type of flow is caused by an unbalanced 
difference in density of portions of a fluid that are attempting to find their 
equilibrium level. This unbalance may result from an increase in density 
of an upper portion of the fluid due to chilling or a decrease in density 
of a lower portion of the fluid due to heating. Chilling or heating of the 
fluid occurs from contact with a cool or warm substance. Hence gravity 
flow is closely related to heat transfer by convection, a subject that will 
be discussed in subsequent sections. 

A common example of free flow occurs in a refrigerator using refrig¬ 
erated plates or coils suspended from the ceiling. Considerable “draft” 
originating from these gravity-air chilling units is often perceptible. 
Natural flow also occurs when fluids of different densities are mixed, for 
example when oil and water are brought together or when water flows 
over a surface water cooler (surrounded by and displacing air) in modern 
beverage-bottling plants. 

8.3. Forced Flow. When a flowing fluid is confined within a pipe and 
the flow is caused by mechanical rather than thermal means, the type of 
flow depends upon a dimensionless ratio. This expression, called the 
Reynolds number because of Osborne Reynold’s references to it in 1883, 
is expressed as 


Re = 


DVp 


( 8 . 1 ) 


Experiments indicate that the critical velocity separating the two 
common types of unobstructed flow occurs when the Reynolds number is 
about 2300 or at least between 2000 and 3100. In other words, the flow 
is streamline for values under 2000 and is turbulent for values over 3100. 
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When Re is between these limits, the flow is in an unpredictable transition 
state. Viscosity values are given in the Appendix, Tables A. 13, and 
A.20, and Figs. A.l, A.2, and A.3. 


Example 8.1. Using. Re equal to 2300, find the critical velocities for water, 
saturated Freon-12 liquid, and saturated Freon-12 vapor, each at 40 F in a 
standard 2-in. pipe. 


For water, 

2300 X (1.55 X 0.000672) 
V ~ 62.4 X 0.172 


0.22 ft per sec 


For F-12 liquid, 

2300 X (0.286 X 0.000672) 
* ~ 86.2 X 0.172 


0.03 ft per sec 


For F-12 vapor, 


2300 X (0.013 X 0.000672) 
1.26 X 0.172 


0.09 ft per sec 


[centipoises X 0.000672 = viscosity in lb per (ft)(sec)] 


8.4. Streamline Flow. “Laminar,” “viscous,” and “straightline” 
are synonymous adjectives for this type of flow. They imply that all 
portions of the fluid move in paths parallel to the confining surface. 
However, this statement is not strictly true when heat is being transferred 
to or from the fluid, since natural convection currents are then created 
within the stream. In such cases the flow is classified as nonisothermal 
or as modified laminar flow. 

The average fluid velocity at any cross section of the pipe for viscous 
isothermal flow is one-half the maximum velocity, which occurs in the 
middle of the stream. The velocity gradient across the pipe is parabolic 
with zero velocity at the wall. For nonisothermal flow this parabolic 
velocity distribution is distorted, and probably more so for a liquid than 
for a gas. 

The pressure drop for single-phase streamline flow is usually expressed 
by Poiseuille’s formula: 

Ap = lb per sq ft for L ft (8-2) 


where V is the average velocity in feet per second. The pressure drop 
for streamline flow may also be expressed by the Fanning equation: 

A p = ~ ^gD P er sc l ft f° r £ ft (8 3) 

with / = 16 /Re but only when Re is under 2100. By equating equations 
8.2 and 8.3, the friction factor / for streamline flow may be solved and 
found to equal 16 /Re. 
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Since viscosity and density are functions of temperature, the proper 
temperature must be selected. When heat is being transferred with 
streamline flow, McAdams 1 recommends that p and p be evaluated at an 
average temperature t' defined as 

f = (8.4) 


where t = temperature of the main body of fluid 
Ut — temperature of the pipe wall 

8.6. Turbulent Flow. If the flow of a fluid is unobstructed, turbulent 
type of flow occurs when the Reynolds number is above 3100 and at times 
when it is as low as 2300. Turbulent flow is generally preferred over 
streamline flow when good heat transfer is an important factor. The 
higher the velocity, the greater the heat transfer but also the pressure 
drop. This means higher pumping costs so that an economic balance 
is involved in a consideration of heat transfer and pumping equipment. 

For isothermal turbulent flow, color-band experiments have indicated 
that turbulence exists only in the main stream, that there is a thin laminar- 
flow section adjacent to the wall, and that a thin buffer zone exists between 
these. The average velocity over a cross section of a pipe with isothermal 
turbulent flow rises from 0.50 to over 0.73 of the maximum velocity as Re 
is increased from 2000 to 3000, then rises to 0.80 of the maximum at Re of 
15,000 and remains at this ratio through Re of-90,000.* 

The pressure drop for isothermal turbulent flow may be calculated 
from the Fanning equation: 

A p — lb per sq ft for L ft (8.3) 


where / is the friction factor. 

Analysis and tests indicate that this friction factor is a function of the 
Reynolds number and of the “relative roughness” or actual average 
roughness divided by the diameter. 

Values of / for steel and wrought iron pipe are shown in Fig. 8.1. 

For smooth tubes such as copper, brass, glass, etc. the following empir¬ 
ical equations have been proposed: 
by Stoever,* 


0.0653 

(Re) 0 - 22 * 


(8.5) 


at Re from 4000 to 1,000,000, 


1 McAdams, W. H., Heat Transmission, 2nd ed. New York: McGraw-Hill Book 
Company, Inc., 1942, p. 121. 

* McAdams, W. H., op. cit., pp. 101-105. 

* Stoever, H. J., Applied Heat Transmission. New York: McGraw-Hill Book 
Company, Inc., 1941, p. 114. 
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and by McAdams,* 
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Example 8.2. Calculate the pressure drop for 33.3 lb per minute of saturated 
liquid F-12 at 40 F flowing in 50 ft of $-in.-O.D. type L copper tubing. 


D = 0.625 - (2 X 0.04) = 0.545 in. = 0.0455 ft 


p = 86.2 lb per cu ft 

M = 0.269 X 0.000672 = 0.000181 lb per (ft) (sec) 


V 

Re 

f 

Ap 


33.3 


cfs _ 

area ” 86.2 X 60 X x X1CK0455) 1 
0.0455 X 3.96 X 86.2 


= 3.96 ft per sec 


0.000181 
0.0653 


= 85,800 (turbulent flow) 


= 0.0049 


(85,800)0.288 
4 X 0.0049 X 50 X 86.2 X (3.96) ! 
2 X 32.2 X 0.0455 


= 452 psf = 3.14 psi 


8.6. Heat Transfer. Because this is a basic fundamental subject of 
considerable magnitude, several books have been written on it alone, as 
noted in the bibliography at the end of this chapter. Only the pertinent 
principles applicable to refrigeration will be discussed here. 

Heat is a form of energy, the transfer of which is subject to the first 
and second laws of thermodynamics. All the heat lost from a source or 
sources must equal the heat gained by the receiver or receivers involved. 
When unaided by mechanical or other means, heat flow is always from 
the higher to the lower temperature level. Let us note how these prin¬ 
ciples apply in a simple refrigeration system. 

Consider a home freezer unit holding food previously frozen. After 
equilibrium conditions are established, all the heat entering the box is 
equal to the heat absorbed by the evaporator. Heat flows from the air 
at about 0 F in the box to the colder evaporator. This heat is eventually 
discharged to the room air at about 80 F, but it is necessary to have a 
compressor in the system to raise the temperature level of the refrigerant. 
In this way the heat transferred to the refrigerant in the evaporator at a 
temperature below 0 F can later be transferred to the room air at 80 F 
passing over the condenser. The refrigerant enters the condenser at a 
temperature above 80 F, so that the heat here will flow of its own accord 
to the room air. 

In the above case heat is transferred from 0 F to 80 F, but only through 
the aid of a refrigeration machine that requires external energy to operate 
it. In addition, most of this energy used to operate the refrigeration 
machine is also transferred to the room air at the condenser. 

In some instances rapid heat transfer is desired, whereas in others a 
minimum of heat t ransfer is wanted. Again with reference to the freezer 
unit, if there is a rapid rate of heat transfer through the evaporator and 
through the condenser, there will be a reduction in the amount of heat- 
transfer surface area needed or in the temperature difference between 
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refrigerant and air, or in both. Either or both of these reductions would 
mean less equipment size and cost and reduced operating expense. 

On the other hand, a low heat-transfer rate is desired between the 
room and the inside of the box. The better the resistance to heat transfer 
through the walls of the box, the smaller the cooling load. Such a reduc¬ 
tion also means less cooling equipment required and lower operating costs. 

Essentially, there are three methods of heat transfer, namely, conduc¬ 
tion, convection, and radiation. This division is made in order to simplify 
analysis. Actually, in many cases these methods are combined. In 
some instances the components can be separated, but in others only the 
combined effect can be determined. Many unknowns still remain, and 
investigators are continually working in this field to increase the fund of 
basic knowledge. 

In steady heat flow the various temperatures throughout each part 
of the system remain constant during heat transmission. In unsteady 
heat flow these temperatures vary with time. 

8.7. Conduction. In this type of transmission, heat flows from the 
high-temperature region to the low-temperature region of a substance, 
transferring energy to each particle along the path with little or no appar¬ 
ent movement of the substance. The theory is that the hottest molecules 
of the substance are most active and collide with adjacent ones, imparting 
energy to them, and so on through to the coldest or least active molecules. 
Heat is conducted from the outside surface of a refrigerator wall to the 
cooler inside surface. In a plate-type freezer, heat flows by conduction 
from the inside of a piece of meat or other object to the outside and also 
to that part of the surface of the refrigerated plate on which the meat is 
resting. 

The basic law for conduction of heat as presented by Fourier in 1822 
may be expressed mathematically as 


dQ 

dr 



( 8 . 8 ) 


dQ/dr is the instantaneous rate of heat flow, dQ being the amount of heat 
flowing in time dr through area A taken perpendicular to the direction 
of heat flow. The thermal conductivity of the substance is represented 
by k, and —dt/dx is the rate of change of temperature with respect to the 
distance of flow. 

The thermal conductivity k is a function of temperature t, but in 
refrigeration a mean value of k for the temperature range involved is 
usually used. Then in the case of steady flow for a constant area A and 
length of path x, from point 1 to point 2 equation 8.8 becomes 
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or 


and 


q x (*« , _ *1 ) = 


_Q _ kjnAjti 
® T X 


^ 2 ) 


Btu per hr 


(8.9) 


In many refrigeration applications the area A through which heat 
flows is not constant. In pipes or other cylindrical bodies of circular 
cross section the area perpendicular to the heat flow through the wall is 
2rrL/12 sq ft, where r is the radius in inches and L the cylinder length 
in feet. 

From equation (8.8) 

dr 


or 


and 


q I = km(ti - <,)2r(L/12) 

J ri T 

= Mi. - MVL/12) Btu per hr 

log.;-; 


( 8 . 10 ) 


In this case k is in Btu (in.) per (hr)(6q ft)(F). 

By equating equations 8.9 and 8.10 with x = r* — ri, a value for 
A, the correct mean area to use in equation 8.9 for cylindrical walls, is 
found to be 


A2 — A 1 • 

log, (A 2 /A 1 ) 


( 8 . 11 ) 


A m is called the log mean area for the outside surface area A 2 and the 
inside surface area A 1 . 

An example of unsteady heat flow is that through building structures, 
particularly those on which sun shines. Experimental values have been 
obtained for the rate of heat entering a space at specific hours of the day, 
some of which are given in Chapter 10, Cooling-Load Calculations. 
Development and explanation of the theory and general equations for 
heat conduction in the unsteady state may be found in the references. 6 

8.8. Conductors and Insulators. Metallic substances are good heat 
conductors because of their crystalline structure and the presence of free 
electrons. This structure affords a much easier path for heat flow than 


* Jakob, M., and Hawkins, G. A., Elements of Heat Transfer and Insulation. New 
York: John Wiley & Sons, Inc., 1942. 

McAdams, W. H., op. cit. 
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do the irregular arrangment of atoms in liquids and amorphous solids and 
the sparsity of molecules in gases. Cork and similar substances are good 
insulators because of their molecular structure and porosity or great 
number of air pockets. Since air is a better insulator than conductor, 
an insulating structure can be made by using several sheets of metal 
separated by air spaces. An advantage of this type of insulation is its 
low heat-storage capacity, making possible quicker temperature changes, 
which are desired for example in test chambers, than mass insulation 
affords. Sawdust, providing more air spaces, is a better insulator than 
wood. Insulation should be kept dry because water is a better heat 
conductor than the air that would be displaced by the wetting. 

Desirable properties of low-temperature insulators are low conduc¬ 
tivity, durability when moistened, ease of application, ability to repel 
vermin, and possible salvage value. To prevent moisture problems, a 
good vapor barrier should be installed on the side having the higher vapor 
pressure. 

A method for calculating the most economical thickness of insulation 
has been proposed by Stone.® 


where x 
k 
b 
R 


a 

Y 

(*i - 1 2 ) 

M 

b 

I 

S 


I = (f) ~ Rk 

= most economical thickness 
= conductivity 

= cost p>er year per inch of insulation 

= sum of all heat resistances inside the structure aside from the 
insulation 
__ Y{h - h)M 
288,000 . 

= hours of operation per year 
= over-all temperature difference 
= cost of removing 288,000 Btu 
_ / , T ^ interest rate ^ S + 1 
“ S + X 2 X ~S~ 

= investment per (sq ft) (in.) 

= expected life in years 


Example 8.3. Assume h — t 2 = 63 — 33 = 30 F, I = $0.12, M = $0.75. 
Y = 8700, S = 15, R = 2, and k = 0.33. Then 


a = 


8700 X 30 X 0.75 


288,000 


= 0.68 


b = 


0.12 

15 


+ 0.12 X 


0.06 15+1 


X 


15 


= 0.0118 


8 Stone, J. F., “Cold Storage Insulation Design.” Refrigerating Engineering, 
Vol. 37, No. 4 (April, 1939), pp. 229-231. 
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^ooiiil ")* “ (2 x 0,33) = 4,36 “ 0,66 = 3,70 m ‘ 

Therefore use 4 in., the nearest commercial thickness. 

8.9. Conductivity. The units for k are usually Btu (in.) or (ft of thick¬ 
ness or length of path of flow) per (hr) (degree F temperature difference) 
(sq ft area). In using k values, the thickness unit must be noted, since 
all tables are not consistent. 

In this text inches of thickness will be used unless stated otherwise. 
Methods of determining k values by test are described in the literature. 7 
These values vary with temperature, density, and character of the sub¬ 
stance. Values for granulated cork at 2.3 lb per cubic foot vary from 
0.065 at —328 F to 0.274 at 122 F. At 32 F values for cork vary from 
0.22 at 3 lb to 0.38 at 20 lb per cubic foot. Cork is one of the most 
practical low-temperature insulators. 

The commercial material having about the lowest conductivity value 
of any is silica aerogel, a free-flowing, voluminous solid with 90 per cent 
air by volume. This product has been known since about 1930, but only 
since World War II has it been used as a thermal insulator in home 
freezers and similar applications. Values of A* in Btu (in.) per (hr)(sqft)(F) 
with a density of about 7 lb per cubic foot are given in Table 8.1. 


TABLE 8.1 

Conductivity of Silica Aerogel 8 


Mean Temperature 

Pressure 

k 

-100 F 

760 mm Hg 

0.105 

- 50 

760 

0.115 

0 

760 

0.13 

+ 90 

760 

0.15 

90 

51.5 

0.11 

90 

2.5 

0.058 

90 

0.12 

0.029 


At the other extreme, at 32 F the conductivity of gilver is 2928 and 
that of pure copper is 2712. These metals are the best conductors. For 
some metals the conductivity increases with temperature, and for others 
it decreases. Small changes in the constitutents or internal structure 
of metals affect their conductivity values. A slight trace of arsenic in 
copper reduces the conductivity to one-third that of pure copper. 9 


1 Brown, A. I., and Marco, S. M., Introduction to Heat Transfer. New York: 
McGraw-Hill Book Company, Inc., 1942, pp. 10-11. 

* From Ogden, F. F., and White, John F., “The Use of Silica Aerogel as a Thermal 
Insulation.’’ Refrigerating Engineering, Vol. 52, No. 6 (November, 1946), p. 412. 

* Brown, A. I., and Marco, S. M., op. cit., p. 12. 
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Values of thermal conductivity for various solids are given in the Appen¬ 
dix, Tables A. 14, and A. 15. 

Values of k for liquids, vapors, and gases are more difficult to obtain 
because of the radiation and convection effects. When one portion of 
a fluid is heated, convection currents are created unless heat is applied 
only at the top of the fluid. For liquids other than mercury, k varies 
from about 0.5 to 5.0 and changes appreciably with temperature. For 
gases and vapors the values lie between 0.04 and 0.3. Theory and exper¬ 
imental proof indicate k for gases to be a function of the viscosity and of 
the number of atoms in each molecule. Equations for determining the 
variation with temperature have been proposed. 10 When these are not 
applicable, a straight-line variation with temperature may be used with¬ 
out too much error. Thermal conductivity values for liquids and for 
vapors are given in handbooks. 

8.10. Convection Theory. The motion of the molecules in heat con¬ 
duction cannot be seen or measured by ordinary means. In convection, 
heat is transferred by a fluid mass definitely in motion. Heat energy also 
flows between particles of the moving fluid or between these and a surface. 
Thus convection is influenced by the laws of fluid flow. Since the fluid 
adjacent to a surface is practically stationary, heat conduction and heat 
storage factors must be considered. To summarize: the shape, dimen¬ 
sions, temperature and character of the surface, plus the temperature, 
velocity, viscosity, density, specific heat, thermal conductivity, and 
coefficient of expansion of the fluid, and the force of gravity may affect 
convection heat transfer. 

Because so many variables are involved, a mathematical expression 
for heat transfer between a surface and a fluid, like that for the friction 
factor of a surface, can best be developed by an application of dimen¬ 
sional analysis. Most texts covering convection heat transfer and friction 
therefore describe principles of this analysis in considerable detail and 
show the development of the basic equations for free and for forced con¬ 
vection. A brief explanation is given in the following section. For 
convection the units used for conductivity will be Btu (ft) per (hr) (sqft) (F). 

8.11. Dimensional Analysis. Several books have been written on 
this subject alone. It is not new to scientists, but its practical application 
to engineering problems is quite recent, principally from about 1907. 
The differential equations for convective heat transfer are of the most 
difficult type, and it was only through dimensional analysis that more 
simple equations and relationships were developed. Dimensional anal¬ 
ysis makes possible the “theory of models,” whereby scale test models 
can be used in experiments to predict the performance and improve the 
design of large, expensive equipment. 


10 Brown, A. I., and Marco, S. M., op. cit., p. 19. 
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This type of analysis requires care in making complete and correct 
assumptions, and a consistent set of units must always be used. Exper¬ 
iments are usually necessary to determine values of constants involved 
and thus complete the analysis. However, the relationship between the 
variables can be determined before experimenting. This information 
aids the experimenter in deciding which variables to hold constant and 
reduces the number of separate tests required. 

Applications to convection heat transfer were first made by W. Nusselt, 
who developed the basic equations for forced convection in 1909 and 
for free convection in 1915. 

. The first step in the application of dimensional analysis is to tabulate 
the exponents of the dimensions of each of the factors or variables 
involved. The four basic dimensions used are mass, length, time, and 
temperature. Heat may be added if its equivalent mechanical energy 
is included. A general equation including a constant and all the variables 
raised to unknown exponents is set up. The corresponding equation of 
dimensions is written by substituting the corresponding dimension units 
for each variable, retaining the unknown exponents. Equations of the 
sum of the exponents for each dimension unit are then tabulated. These 
last equations are simplified so that all exponents are expressed in terms 
of a minimum of the exponents. Substitution of these exponents is made 
in the first general equation, and the factors are rearranged. 

Let us demonstrate this method to determine the general equation 
for the surface coefficient with forced convection. 


Variable 

Symbol 

Exponents of Units 

Mass 

Length 

Time 

Temperature 

Heat 

Surface coefficient. 

h< 

0 

-2 

-i 

-1 

i 

Diameter. 

D 

0 

1 

0 

0 

0 

Velocity. 

V 

0 

1 

-1 

0 

0 

Absolute viscosity. 

M 

1 

-1 

-1 

0 

0 

Density. 

P 

1 

-3 

0 

0 

0 

Specific heat. 

C p 

-1 

0 

0 

-1 

1 

Thermal conductivity. 

• 

k 

0 

-1 

-1 

-1 

1 


The exponents for h c are obtained from another form of the basic 
equation of heat transfer 8.9, in which h c , the coefficient of heat transfer 
by convection, is substituted for k m /x. 

q = h c A(h — U) 

q _ Hr- 1 
“ A(h - t 2 ) L 2 T 


or 


( 8 . 12 ) 
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The general equation is 

h c = CD° V b (i e p f c p i k m Ek n 

The factor E k , the kinetic-energy equivalent of heat, must be added to 
keep the units consistent. Then, substituting dimension units in the 
general equation, 

HL'T-W-' = C{L) a {LT- v )\ML-W- x y{ML^y{HM- x T-^)' 

For H, 1 = i + m — n 

For L, —2 = a + b — e — 3/ — m + 2n 

For T, — 1 = —i — m 

For r, . — 1 = — b — e — m — 2n 

For M, 0 — e+f — i + n 


In order to obtain an equation in terms of common dimensionless 
numbers, the exponents must be solved, in this case, in terms of / and i. 



a=f~ 1 / = / 

b = / i = i 

e = i — f m = 1 — i 

n = 0 


and 

A ‘ = c( o 


or 

¥ ■ <( ? f')'(V”)‘ 

(8.13) 


These and other dimensionless numbers that occur frequently in heat- 
transfer work are identified as follows: 


(Re) = - Reynolds number 

M 

(Nu) = Nusselt number 

( Pr ) = ^ Prandtl number 

(Gr) = — - Grashof number 

8.12. Forced Convection. In order to evaluate the coefficient of heat 
transfer h e to use in the general heat-transfer equation 

q = h c A(h — t 2 ) Btu per hr (8.12) 

and thus to determine the rate of heat flow by convection, the constant C 
and the exponents in equation 8.13 developed in the preceding section 
must be evaluated. 
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Numerous experiments have been made by many people using various 
fluids under different conditions. From these the value of the exponent 
for the Reynolds number has been established as 0.8, but experimental 
values of the exponent for the Prandtl number vary from 0.3 to 0.4 and 
of C from 0.023 to 0.028 for flow inside tubes. The temperature used 
seems to be a determining factor. The question is, should the variable 
be evaluated at the temperature of the main body of the fluid, at the film 
temperature as defined in equation 8.4 or at some other temperature? 

McAdams summarized the work of many investigators and proposed 
the following equation with certain limitations: 

x =00 K^T(tT (814) 


When Re exceeds 10,000 and n is greater than twice that of water, the 
exponent of Pr should be reduced to 0.333. 

For turbulent flow in horizontal clean pipes, Brown and Marco 11 
recommend using equation 8.14 for both heating and cooling of all fluids 
except for cooling fluids .where c P n/k is greater than 10, in which case 
equation 8.15 is to be used. 

Nu = 0.0265 (Re)o*(Pr)°-* (8.15) 

They further recommend that the properties of the fluid be evaluated at 
the temperature of the main body of fluid only when the temperature 
drop across the film is less than 10 F for liquids or less than 100 F for 
gases; otherwise they recommend the use of the estimated mean film 
temperature. 

For forced flow over and perpendicular to banks of plain tubes with 
Re above 2000, McAdams has summarized various test data and recom¬ 
mends equation 8.16 for both liquids and gases flowing normal to a bank 
of 10 tubes staggered. 

Nu = 0.33 F (Re)o «(Pr)° ™ (8.16) 

Multiply by 0.8 for tubes in line. F is taken from the following table: 


Xo. of Tubes 

2 

3 

4 

5 

6 

7 

8 

9 


' F 

0.70 

0.82 

0.87 

0.92 

0.94 

0.96 





11 Brown, A. I., and Marco, S. M., op. tit., p. 97. 
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The fouling of the inside of tubes reduces the heat-transfer coefficient. 
Gas bubbles, scale, oxides, grease, and other foreign matter in the pipe 
have an appreciable effect. Roughing the inside pipe surface increases 
turbulence and film conductance but also increases pressure drop. The 
insertion of turbulators or guide vanes also increases the coefficient and 
the friction resistance. The surface coefficient inside helically wound 
coils may be as much as 20 per cent greater than that in straight pipes 
because of the increased turbulence. 

Simplified forms of equation 8.13 should be used with caution, since 
they usually apply to a very limited range of the fluid properties. Empir¬ 
ical equations for heat-transfer coefficients when the Reynolds number is 
less than 2100, when flow is in vertical tubes, or for flow over outside 
surfaces may be found in the literature. These usually apply only for 
specific cases, and no reliable general expressions have been developed. 

The flow of fluids inside tubes or pipes in refrigeration applications, 
except in certain vertical liquid coolers, is usually forced flow in the tur¬ 
bulent region. For flow of fluids over outside surfaces, forced convection 
is used in some instances and free convection in others. Because of the 
complicated construction of finned tube coils, the outside-surface heat- 
transfer coefficient is most difficult or impossible to calculate. Therefore 
it is usually determined by running a series of tests on a coil or coils, and 
coil performance at other than test conditions is predicted from the test 
results. 


Example 8.4. Calculate the amount of heat flow from a clean standard 
2-in. steel pipe at 86 F to 74 F water flowing at 300 ft per minute inside. 

Solution: 


Evaluating at 80 F, 


D = 2.375 - 0.308 = 2.067 in. = 0.172 ft 
V = 300 X 60 = 18,000 fph 
H = 2.08 lb per (ft) (hr) 
k = 0.355 Btu (ft) per (hr)(sq ft)(F) 
p = 62.17 lb per cu ft 
c p = 0.998 Btu per lb 


Re 

Pr 


0.172 X 18,000 X 62.17 
2.08 

0.998 X 2.08 


0.355 


= 5.85 


92,600 


0 355 

h c = 0.023 Q~jj2 (192,000)°-®(5.85) 0 - 4 = 915 
q = 915(86 — 74) = 11,000 Btu per (hr)(sq ft of inside surface) . 


8.13. Free Convection. The general expression for the heat-transfer 
coefficient with natural convection can also be developed with diensiomnal 
analysis. Because the variables differ somewhat, a slightly different 
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expression than that for forced flow is obtained. Since the velocity in 
free flow is due to the buoyancy force, this force acting through a distance 
L is equal to the kinetic energy producing the velocity V, or 




At r _ V 2 
2 L 2g 


Then V 2 = pgpAtL. 

Using L for D and substituting in equation 8.13 gives the same result 
as development by dimensional analysis, or 


KL = c { gfiULV y 


Tests of free convection with various fluids and surfaces indicate that 
the exponents f/2 and i are equal. Equation 8.17 can then be written as 


K = ck _(m^)‘ 


(8.18) 


Tests also indicate that the exponent i depends upon the product of 
Gr X Pr (the fraction in parentheses) and that the constant C depends 
upon the shape and orientation of the surface. Table 8.2 shows values 
obtained for fluids on the outside of heated surfaces but can also be used 
for the cooling of fluids. The variables should be evaluated at the mean 
or average temperature of the surface and of the main body of the fluid. 
03 = 1/T for perfect gases.) 


TABLE 8.2 

Exponent and Constant Values for Eq. 8.18'* 


nk 

<10* 

10M0* 

>10» 

Application 

i 

i 

1 

C 

i 

C 

Vertical plates. 



0.55 


0.13 

Vertical cylinders. 



0.45 


0.11 

Horizontal cylinders.. 



0.45-0.55 


0.11-0.13 

Horizontal plates facing up* ... . 

<0.25 

0.25 

0.71 

0.333 

0.17 

Horizontal plates facing down *.. 



0.35 


0.08 

Spheres (L radius). 



0.63 


0.15 

{Nate: L must not exceed 2) 







* L =* Narrowest dimension. 


** From Brown, A. I., and Marco, S. M., Introduction to Heat Transfer. New 
York: McGraw-Hill Book Company, Inc., 1942, pp. 113-114. 
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Simplified forms of equation 8.18 can be used for a specific fluid in a 

nQ 0 *c 

limited temperature range, in which case the value of • -p- - = a will be 
constant. Then 


Ck 

h c = ^ (AlIJaY 

lJ 


(8.19) 


In the case of vertical sufaces in air at standard pressure, and when 
L is less than 2 ft, as with refrigerated plates, A-a 025 is about 0.525 at 0 
F and 


h e 



Btu per hr (sq ft)(F) 


( 8 . 20 ) 


This equation is for convection only. There is also heat transfer to 
the plate by radiation. An additional point of interest is that the coeffi¬ 
cient h e is not affected by the presence of another plate more than 1.5 in. 
away. 

8.14. Condensing and Boiling. Two important parts of the common 
refrigeration system are the condenser and the evaporator. In these the 
refrigerant is changing state, and theoretical analysis of the process rela¬ 
tive to heat transfer is complicated. Although extensive studies and 
experiments have been carried on in this field, the available information 
is incomplete and unsatisfactory. Factors influencing h include rough¬ 
ness, wettability, shape, position and newness of the surface, temperature, 
variation, pressure, conductivity, surface tension, viscosity, and density 
of the liquid and vapor, and the rate of heat flow. 

There are two types of condensation, dropwise and film, and either 
or a combination of both may occur. Dropwise condensation coefficients 
are greater than film-type values; but dropwise condensation, which may 
occur when the surface is contaminated, is unstable. Nusselt proposed 
' equation 8.21 which is valid for film condensation of quiescent vapors: 



where C = 0.943 for vertical surfaces 
C = 0.725 for horizontal tubes 

L = height for vertical surfaces, diameter for horizontal tubes 
Coefficients for other condensation conditions and for boiling are quite 
unpredictable and require tests for determination. Values for water and 
most common refrigerants range from 100 to 1000 Btu per (hr)(sq ft)(F), 
but no reliable relation with the variables involved has been found. The 
best agreement among individual substances has been obtained by plot¬ 
ting the equation 


he — C i + Ciq 


(8.22) 
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where C 1 and C 2 are constants 

q = the rate of heat transfer per hour (square foot) 

8.16. Radiation. Heat from the sun is transferred by radiation to 
surfaces on earth, and even through glass into a conditioned space, irre¬ 
spective of whether heat is being conducted through the glass from the 
space to the outside or from the outside into the space. This phenomenon 
is utilized in the design of solar houses but is often overlooked in the design 
of year-round air-conditioning installations. A system may work satis¬ 
factorily in summer and in winter but still fail on cool, sunny spring days, 
particularly if there is considerable glass on the south side of the building. 
On such days the solar heat gain plus the internal heat may be greater 
than the heat lost by conduction to the outside, so that cooling is required 
in the south rooms w hile heating may be needed in the north rooms, 
especially if a north wind is blowing. 

Heat is also radiated from walls and other surfaces to the colder refrig¬ 
erated plate in a low-temperature space. In fact, all surfaces radiate heat 
to other surfaces “seen” by them and without altering the temperature 
of the intervening air. The higher the surface temperature, the more heat 
radiated, so that the net transfer is always in the direction toward the 
lowest temperature body. 

By means of radiation, ice can be made in atmospheres at tempera¬ 
tures above 32 F as was done by the ancient Egyptians. If shallow trays 
of water are placed on the ground under a clear sky on a cool evening, 
enough heat will radiate to the colder interstellar space to freeze the water. 

The amount of heat transferred by radiation from a perfect radiator 
is expressed by the Stefan-Boltzmann law', which in equation form is 

q = 0.174 X 10- 8 X T* Btu per (hr)(sq ft) (8.23) 

Actually there is no perfect radiator, but the emissivity powers of all 
surfaces are compared with that of the theoretical or so-called “black 
body.” The radiant heat absorptivity power of a surface is numerically 
equal to its emissivity pow r er in accordance with Kirchoff’s law r , derived 
in 1859. Since reflection is the opposite of absorption, the better a surface 
is as a reflector, the poorer it is as a radiator. 

Oxygen, nitrogen, hydrogen, and chlorine do not absorb radiation, 
so that the net heat radiated from surface 1 to surface 2 separated by any 
of these mediums may then be expressed as 

q = 0.174 F t F A A ] Btu P er hr ( 8 - 24 ) 

where F, = a function of the emissivities of the two surfaces and is 
affected by their configuration. 

F a = a function of the configuration or orientation, the separating 
distance, and the areas of the surfaces. 
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Fortunately, F A = 1 for the common applications. Values of F, for 
common applications are given in Table 8.3. Emissivity or absorptivity 
factors depend somewhat on the temperature of the surface. Color is 
effective only in the case of very high temperatures or solar radiation. 
It may be of advantage to wear white instead of dark clothing when out 
in the sun but not when inside a hot boiler room. Recent tests indicate 
that the type of dye or coloring matter may be more influential than the 
actual shade or color. Emissivity factors for various surfaces are given 
in hand books. 


TABLE 8.3 
Emissivity Functions 


Surface Relationships 

F t 

Infinite parallel planes or completely enclosed body, large com¬ 
pared with enclosing body 

1 

i+i-i 

€l €J 

Completely enclosed body, small compared with enclosing body 

«1 

Concentric spheres or infinite cylinders (subscript 1 for enclosed 

1 

body) 

• 



The hydrocarbons, water vapor, COj, SO 2 , HC1, and NH», absorb and 
emit radiation enough to warrant consideration. The general equation 
for radiant transfer between a gas and a surface is 

q = e,A,(I a — /,) Btu per hr (8.25) 

I 0 and I, are intensity factors of the gas and of the surface and depend 
upon the partial pressure of the gas, the length of path in question, and 
the respective temperatures. 

8.16. Combined Heat Transfer. In actual practice the various prin¬ 
ciples of heat transfer must be combined in order to solve many problems. 
In insulated walls and pipes, convection occurs at the inner and outer 
surfaces, radiation may occur at either or both surfaces, and conduction 
occurs between the surfaces. 

When heat is transferred from a fluid to a surface, through the mate¬ 
rial, and then from the other surface to the fluid or space on the other side, 
the following equations can be developed and applied. 

The general equation is 
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For a composite wail as shown in Fig. 8.2, 


1,1 

f.C^kx* 


(8.27) 


where 

/i, fo = inside and outside surface coefficients accounting for convection 
and radiation 

ki, ki = conductivities of materials 1 and 2 
x\, x t = thicknesses of materials 1 and 2 

C = conductance of non-homogenous material from surface to 
surface 

a = heat transmission from surface to surface across an air space by 
conduction, convection, and radiation. 



Fig. 8.2. Composite wall section. 


The inside-surface area involved is substituted for A, and At is the 
difference between inside and outside air temperatures. 

The surface temperature when desired may be calculated by first 
calculating the rate of heat transfer q from the air on one side of the wall 
to the air on the other side of the wall. Then using this q and the same 
area in equation 8.28 solve for t,. 

q = fA(h — t,) Btu per hr (8.28) 


ti is the temperature of the adjacent air, and /is the surface coefficient, 
which is 1.65 for still air, as in Example 8.5(a). 

When equation 8.26 is applied to a section of an insulated pipe as 
shown in Fig. 8.3, 


_1 , Xi Xt 2 

h e ' ki ' kt ' fo 


(8.29) 


The log mean area (see equation 8.11), must be substituted for A. 
At is the temperature difference between the fluid inside and the fluid 
outside. 
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In the case of a heat exchanger where the temperature of one or both 
of the fluids varies from inlet to outlet, At should be the log mean tem- 



Fig. 8.3. Insulated pipe section. 


perature difference if the entire unit is under consideration, 
trated in Fig. 8.4 this would be 


At 


m 


At\ — At 2 


log. 


Ah 
At 2 


As illus- 
(8.30) 


Since counterflow of the fluids will produce a greater At n than parallel 
flow, the former should always be used for economic reasons if practical. 



^tj=tij — t Q , '*02 

Fig. 8.4. Double-pipe heat exchanger. 


Example 8.5. (a) Consider a refrigerated space kept at 0 F. The walls are 

of 6-in. cork with -j-in. cement plaster on each side. The temperature outside 
the box is 80 F. Determine the rate of heat gain through the wall and the inside 
wall temperature if/i = 1.65. 

q = UA(t a — U ) 

(’ =_ l - = -!- 

1 ,0 1 5,J!_4-2^ + _L 0.606 + 0-042 + 22.222 + 0.042 -f 0.606 

L65 + 12 + .27 + 12 + 1.65 
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U = 0.043 

q = 0.043 X 1 X (80 — 0) = 3.44 Btu per (hr)(sq ft) 
q = fiA(t, — ti) 

3.44 = 1.65 X 1 X (/. - 0) 
t. = 2.08 F 

(b) Calculate the theoretical surface heat transfer for a 12-in. vertical refriger¬ 
ated plate with a surface temperature of — 15 F located in the room. « = 0.9 for 
enamel on metal. 


h = he + hr 

0.0 - ( — 15 ) 1° 26 


= 0.29 [■ 


1.0 


0.29 X 1.97 = 0.57 


q r = 0.174 X 1 X 0.9[(4.617) 4 - (4.446) 4 ] = 10.02 
Q r= lO02 = 
k A< 17.08 * 59 

h = 0.57 + 0.59 = 1.16 Btu per (hr)(sq ft)(F) 


8.17. Series and Parallel Heat Conduction. In practical applications 
of heat conduction the heat may flow through the substances involved 
by series or parallel paths or by a combination of both. An analysis of 
heat conduction in this respect is similar to that for the conduction of 
electricity through series and parallel circuits. In a series heat-flow path, 
the heat resistances of the materials involved are additive, or 

Rt = Ri + R 2 R$ . . . (8.31) 


Since conductance is the reciprocal of resistance, 


or for area A, 


1 

Cr 


= ±+J-+± 
c\ ^ c 2 ^ c 3 


J_ _ _|_ X J 

Ct ki ^ k 2 + k.i 


(8.32) 

(8.33) 


When heat is conducted through parallel paths, the conductances are 
additive, or 


C T = Ci + C, + C* ■ ■ • 


(8.34) 


For an area A consisting of Ai -f A* + A s ■ • • 


Ct 


A-i .4 i A- 2 . 1 2 . A'3.13 

- 1 - - A -- • • 

Xi x 2 x 3 


(8.35) 


If Ct is desired on a per unit area basis, A 1 , /1 2 , A 3 , and so on, are taken 
as percentages of the total area and expressed as decimals in equation 
8.35. The above principles are applied in the following example. 

Example 8.6. Calculate the over-all coefficient U for a double metal wall 
separated by pine 2 X 4’s placed 12 in. on centers if the space between the 
2 X 4’s contains a fill-type insulation having a conductivity of 0.3. 
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Solution. Neglecting the resistance of the metal in this case, the con¬ 
ductance from the inside metal surface to the outside metal surface i6 

C = fe|-Al -j- 

Xi Xt 

0.8 X 1.625/12 0.3 X 10.375/12 

3.625 + 3.625 

= 0.0298 + 0.0715 = 0.1013 Btu per (hr)(sq ft)(F); 

U = -- j -- = —-1-— = 0.0905 Btu per (hr)(sq ft)(F) 

f\ + C + ft L65 + 0.1013 + L65 

Serious thought should be given to the type of material used for sep¬ 
aration of the inner and outer shell and for the door edges on low-tem¬ 
perature structures. If high-conductivity materials such as metals are 
used, condensation may occur on the warm side where the separators or 
door edges come in contact with it. Heat will be conducted so rapidly 
that the surface at such places may be below the dew point of the adjacent 
air. 
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PROBLEMS 

8.1. Calculate the velocity for saturated ammonia vapor at 40 F in a 2-in. 
pipe for a Reynolds number of 2300. 

8.2. Calculate the pressure drop in 100 ft of 2-in. steel pipe for saturated 
ammonia vapor at 40 F if the velocity is (a) 0.47 ft per second, (b) 47 ft per second. 

8.3. (a) Calculate the pressure drop of 40 F saturated Freon-12 vapor flowing 
through 100 ft of 2£-in.-O.D. copper pipe from a 10-ton evaporator. Liquid 
refrigerant enters the expansion valve at 80 F. (b) Calculate the pressure drop 
for the same conditions except for 0 F saturated F-12 vapor, (c) Calculate the 
pressure drop for the same conditions as in (a) but for lf-in.-O.D. pipe. 

8.4. Determine the Btu per hour heat loss from 100 ft of 2*-in.-O.D. copper 
pipe insulated with -J- in. of hair felt if the room temperature is 100 F and the 
exterior surface of the pipe is at 40 F. 
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8 . 5 . Calculate the rate of heat loss from a 1-j-in. steel pipe carrying a 25 per 
cent calcium chloride brine at 8 F if the pipe is at 12 F and the velocity is 300 fpm. 

8 . 6 . (a) What is the rate of heat flow by convection from a 1-J-in. steel pipe 
at 12 F in air at 26 F? (b) What is the rate of heat flow by radiation if the 
surrounding walls of the large room in which the pipe is located are 32 F? 
Emissivity of the pipe is 0.63. 

8 . 7 . Calculate the heat loss from a l-y-in. steel pipe insulated with 2 in. of 
cork if the inside film coefficient is 900, the inside fluid temperature is 8 F, the 
surrounding outside temperature is 26 F, and the outside film coefficient is 1.5. 
k for the pipe is 310., 

8 . 8 . Calculate the total heat transfer from the top and bottom of a 36 X 12-in. 
horizontal plate at 20 F in a room at 40 F. 

8 . 9 . How much heat-transfer surface area is required for a double-pipe heat 
exchanger that is to cool liquid F-12 from 80 F to 75 F by the saturated vapor 
leaving a 10-ton evaporator at 40 F? (U = 100.) 

8 . 10 . Calculate the over-all coefficient of heat transfer for a double metal 
wall separated 2$ in. by wood spacers If X 2f in., 16 in. on centers, if the 
remainder of the space is filled with glass wool at 2.5 lb per cubic foot. Neglect 
the thermal resistance of the metal. 

8 . 11 . (a) Determine the outside surface temperature opposite the wood in 

Problem 8.10 if the inside still-air temperature is 0 F and the outside still-air 
temperature is 80 F. (b) Determine the outside surface temperature opposite 
the glass wool for the same conditions. ► 

8 . 12 . Calculate U for an outside wall constructed of 8 in. of concrete, 3 in. of 
corkboard, and f in. of cement plaster. 

8 . 13 . (a) Calculate V for a roof of slate, 1 in. wood sheathing, 2 X 4-in. 
rafter 18 in. on centers, and 4 in. of commercial-grade glass wool. A f-in. thick 
insulating board is under the rafters, (b) What is U if 6 in. of glass wool is 
used with 2 X 6-in. rafters? 

8 . 14 . (a) Calculate U for an inside self-supporting partition consisting of 
f in. of cement plaster, 2 in. of corkboard, another * in. of cement plaster, 
another 2 in. of corkboard, and then another -j in. of plaster, (b) Determine U 
if 3 in. of corkboard is substituted for one of the 2-in. sections, (c) Determine 
V if 3 in. of corkboard is substituted for both 2-in. sections. 

8 . 16 . (a) A cabinet wall is made of two sheets of 0.04-in. thick galvanized 
iron separated by 3 X i-in. steel channel irons placed every 12 in. Calculate 
U if the 3-in. space is filled with commercial glass wool, (b) Calculate U if 
1 X 3-in. pine spacers are substituted for the channel irons. 

8 . 16 . Calculate the outside surface temperature opposite the channel irons 
in Problem 8.15(a) if the outside air temperature is 80 F and the temperature 
inside the cabinet is 0 F. 

8 . 17 . (a) Calculate U for a partition consisting of ^-in. plaster on each side 
of If X 3f-in. pine studs 12 in. on centers and with the 3f-in. wide space 
between the studs filled with sawdust, (b) Calculate U if the studs are 18 in. 
on centers. 


CHAPTER 9 


Psychrometrics 

9.1. Significance. “Psychrometric” literally means “pertaining to 
the measurement of cold,” but in modern usage it refers to the state of the 
atmosphere with reference to moisture. The earth’s atmosphere— 
the air we breathe and the air in most refrigerated spaces—is mainly a 
mixture of dry air and water vapor. Of course in special cases other gases 
or vapors might also be present. But generally speaking, in refrigeration 
applications the atmosphere is considered a mixture of dry air and water 
vapor. 

Although the relative amount of water vapor in the atmosphere is very 
small (about 0.08 per cent by weight at 0 F saturated and only 1.56 per 
cent at 70 F saturated), variations in this amount as well as changes in 
temperature are very significant and important in air conditioning. Rel¬ 
ative to human comfort, there is much truth in the common expression, 
“It’s not the heat, it’s the humidity.’’ Humidity means the amount of 
water vapor within a given space. 

In many instances humidity control is very important. Poor register 
is often noticed in colored printing, particularly in the Sunday comics; 
adjacent colors overlap or do not meet. A change in atmospheric humid¬ 
ity between the printing of the different colors probably was the cause, 
since paper shrinks and stretches as the humidity changes. In a meat 
cooler, too low a humidity can cause shrinkage, or drying out, which 
means a loss of product and less income to the owner. On the other hand, 
too high a humidity promotes a growth of mold and possible spoilage of 
the product. Therefore it should be evident that a study of psychrom- 
etry, including the properties of air-vapor mixtures and their measure¬ 
ment and control, is important in air conditioning. 

9.2. Definitions. Before proceeding, let us define some of the expres¬ 
sions used with reference to air-vapor mixtures. The following are taken 
from the Heating Ventilating Air Conditioning Guide. 1 

Dry-bulb temperature —The temperature of a gas or mixture of gases indicated 
hy an accurate thermometer after correction for radiation. 

Wet-bulb temperature — Thermodynamic wet-hull) temperature is the temper¬ 
ature at which liquid or solid water, by evaporating into air, can bring the air to 
saturation adiabatically at the same temperature. Wet-bulb temperature 


1 Heating Ventilating Air Conditioning Guide, 1948. American Society of Heating 
and Ventilating Engineers, New York, Chapter 1. 
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(without qualification) is the temperature indicated by a wet-bulb psychrometer 
constructed and used according to specifications. 

Dew point temperature —The temperature at which the condensation of water 
vapor in a space begins for a given state of humidity and pressure as the temper¬ 
ature of the vapor is reduced. The temperature corresponding to saturation 
(100% relative humidity) for a given absolute humidity at constant pressure. 

Relative humidity —The ratio of the actual partial pressure of the water vapor 
in a space to the saturation pressure of pure water at the same temperature. 

Humidity ratio —In a mixture of water vapor and air, the weight of water 
vapor per pound of dry air. Also called Specific Humidity. 

Absolute humidity —The ^weight of water vapor per unit volume, pounds per 
cubic foot or grams per cubic centimeter. 

Saturated air —A mixture of dry air and saturated water vapor, all at the 
same dry-bulb temperature. 

Per cent saturation —The ratio of the weight of a given volume of water 
vapor to the weight of an equal volume of saturated water vapor at the same 
temperature. 

Psychrometer —An instrument for ascertaining the humidity or hygrometric 
state of the atmosphere. 

9.3. Properties of Air-Vapor Mixtures. Atmospheric air has prop¬ 
erties like those of its separate constituents. The ones of greatest 
interest for a given specific mixture in air conditioning include pressure, 
temperature, volume, density, ratio of water to air quantity, and enthalpy. 
The pressure, temperature, and volume, or density, of a vapor are inter¬ 
dependent. As learned in thermodynamics, this relationship for a perfect 
gas can be expressed by the perfect-gas equation, namely, 

pV = wRT, or p = pRT , or pv = RT (9.1) 

Actually, there is no perfect gas, but many of the commonly used 
gases approach the ideal. The perfect-gas equation can be applied in 
solving most problems involving air and many gases. When greater 
accuracy is required, as in calculating values for moist-air tables, an 
expanded form of the following equation has been proposed: 2 

pv = RT — A{T)p (9.2) 

where A (T) = an involved coefficient expressed as a function of absolute 
temperature and taking into account the intermolecular 
forces 

Vapors do not follow the perfect-gas laws, and the perfect-gas equa¬ 
tion cannot be applied to them. This is the main distinction between a 
vapor and a gas. For this reason tables or charts must be used to deter¬ 
mine the properties of vapors such as steam and the common refrigerants. 
However, under certain extreme conditions some vapors come near to 


* Goff, John A., and Gratch, S., “Thermodynamic Properties of Moist Air.” 
Heating, Piping and Air Conditioning: ASHVE Journal Section, Vol. 17, p. 334 
(June, 1945). 
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being perfect gases, and then the gas equation can be used with fair 
accuracy. For example, water vapor or steam which is very highly super¬ 
heated or which is at very low pressures can be treated as a gas with small 
error. The water vapor in the atmosphere in refrigeration work is usually 
at a low partial pressure (0.01 to 0.5 psi). Therefore, for normal accuracy 
the perfect-gas equation can be applied to both the moisture and the dry 
air that exist in the common atmosphere. 

9.4. Pressure. Dalton’s law states that the pressure of a mixture 
of gases is equal to the sum of the partial pressures of each constituent 
and that each constituent occupies the entire vftlume. However, precise 
measurements made during the last few years indicate that this law as 
well as Boyle’s and Charles' laws are only approximately correct. Mod¬ 
ern tables of atmospheric-air properties are based on the corrected ver¬ 
sions. For most commercial problems sufficient accuracy can be obtained 
by applying the proper basic equation and using values from the modem 
tables. 

Several equations for calculating the partial pressure of the water 
vapor in the air have been proposed. Dr. Carrier’s equation, presented 
in 1911, is probably most widely used in ordinary problems when charts 
are not available: 3 


Vh 


(P Pu ' b ) (tdb Itrb ) 

2800 - L3U 


(9.3) 


When values from the latest steam tables are used, the constants 
change slightly so that 


PH — Pub — 


(p Pwb )( i<lb twb } 

2830 - 1.44U 


(9.4) 


At temperatures below 32 F this equation applies only for tempera¬ 
tures of and vapor pressures over supercooled water. For partial pres¬ 
sures of water vapor over ice the denominator becomes 3160 — 0.09/* fc ; 
and p W b must be the partial pressure of vapor over ice at twb, the tempera¬ 
ture of an iced wet bulb. 

The partial pressure of the dry air is taken as the difference between 
the total or barometric pressure and the partial pressure of the water 
vapor. 

9.5. Volume and Density. Volume of a gas or mixture refers to the 
space occupied by a given quantity. Density usually means weight per 
unit volume. In air-conditioning work additional relationships are found 
useful, such as weight of water vapor in an air-vapor mixture per unit 
weight of dry air in the mixture. This relationship at times has been 
called “humidity ratio,” “specific humidity,” and “absolute humidity.” 


•’Carrier, W. H., “Rational Psychroinetric Formulae.” 
Vol. 33 (1911), p. 100/). 
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The American Society of Heating and Ventilating Engineers is attempting 
to standardize on humidity ratio. The weight of water vapor is often 
expressed in grains (7000 grains = 1 lb) and the weight of dry air in 
pounds. Another useful relationship is the cubic feet of mixture per 
pound of dry air. 

Note that in these last two expressions the reference factor is pounds of 
dry air. This reference makes these properties useful in air-conditioning 
problems because the total weight of dry air entering an air-conditioning 
unit in a given time is the same as the weight of dry air leaving the unit 
in the same time. The rate of flow of the air-vapor mixture, normally 
expressed in pounds per hour, into the unit would not be the same as the 
rate of mixture flow out of the unit if any moisture were added to or 
removed from the mixture within the unit. Because of a change in den¬ 
sity, the cubic feet per minute of dry air and of the mixture on leaving a 
unit may be different from the cubic feet per minute of either on entering 
the unit. But the pounds of dry air entering and leaving in a given time 
always remain the same after steady-flow conditions are established. 

9.6. Temperature. Three different temperatures are used when 
referring to an air-vapor mixture, namely, dry-bulb, wet-bulb, and dew¬ 
point temperatures. The dry-bulb temperature is usually measured with 
a common thermometer or thermocouple. The wet-bulb temperature 
is measured with a common thermometer or thermocouple having the 
bulb or junction completely covered by a water-moistened cloth or wick. 
Moisture evaporates from the wick into the surrounding air, and before 
equilibrium is reached, a portion of the heat used is taken from the 
thermometer bulb or thermocouple wires, as the case may be, thus lower¬ 
ing the temperature indicated below the indicated dry-bulb temperature. 
The drier the surrounding air, the greater the rate of evaporation and the 
lower the wet-bulb temperature indicated. 

As moisture from the wet bulb evaporates, the air surrounding the 
bulb becomes more humid, causing the rate of evaporation to decrease 
and the indicated wet-bulb temperature to rise. Therefore, in order to 
measure the wet-bulb temperature of air in a given space, a continuous 
sample of this air must pass around the wet bulb. Tests have been con¬ 
ducted to determine the effect of varying air velocities over thermocouple 
and thermometer wet bulbs. 4 These indicate that velocities from 500 to 
1000 fpm give a minimum error for the conventional-size thermometer bulb 
at temperatures from 20 to 60 F. The temperatures of near-by surfaces 
can affect the wet bulb reading due to radiation, and varying air velocities 
also influence this effect. Furthermore, the size of the wet bulb is signif¬ 
icant in that the smaller the diameter, the lower the air velocity required. 
Thus, obtaining an accurate wet-bulb reading can become rather com- 

4 Wile, D. D., " Psychrometry in the Frost Zone.” Refrigerating Engineering . 
Vol. 48, No. 4 (October, 1944), p 291. 
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plicated. The application of the reading determines the accuracy 
required. Soft fine-mesh cotton tubing is recommended for a wick; it 
should cover the bulb plus about an inch of the stem. The wick should 
be watched and replaced before it becomes dirty or crusty. Using dis¬ 
tilled water is recommended to give greater accuracy longer. 

The dew-point temperature is the temperature of an air-vapor mixture 
at which moisture will start to condense out of the air as the air is cooled; 
or it is the temperature of a surface just as condensate starts to collect 
on the surface when the surface is being cooled. In other words, it is the 
saturation temperature of water at the partial pressure? of the water vapor 
in the air-vapor mixture. Therefore, if the partial pressure of the vapor 
is known, the dew point can be determined directly from steam tables. 
If the dry-bulb and wet-bulb temperatures are known, the partial pressure 
can be found from equation 9.4. Also, the dew-point temperature can 
be found on a psychrometric chart by reading the temperature where a 
constant moisture line from the dry-bulb and wet-bulb point intersects 
the saturation curve. 

The terms “wet-bulb depression” and “dew-point depression” are 
often used. The first refers to the difference in degrees Fahrenheit 
between the dry-bulb temperature and the wet-bulb temperature. Simi¬ 
larly, the second refers to the difference between the dry-bulb and dew¬ 
point temperatures. 

9.7. Humidity. The student of air conditioning should learn the 
difference between relative humidity and per cent saturation (see §9.2). 
By definition, relative humidity is expressed as 

H r = ' Bjl (9.5) 

P » 


where p H = actual partial pressure of the water vapor 

p, = saturation pressure of water vapor at the dry-bulb tem¬ 
perature 

Per cent saturation is expressed as 



(9.6) 


where w H = humidity ratio 

w, = humidity ratio at saturation at the dry-bulb temperature 
The relationship between the two can be expressed as 


<t> = 


(P ~ P«) v H 

7-T X flH 

(P ~ P») 


(9.7) 


where p = total barometric pressure 

By applying Dalton's law and the perfect-gas law and neglecting the 
intermolecular forces, an expression for calculating the ratio of water 
vapor to dry air in the atmosphere can be derived as follows: 
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W w = 

But 

V = 


W W _ 


W da 

or 

0.622 pH 

wh = ^—f~ 

p — Ph 

and 

4354p/r 

Wh = 

p - Ph 


PhV _ Phv 

R V T 85.6 T 


WdJtdaT' = tVda X 53.3 X T 

Pda pda 


Pda X 85.6 X Pda 


lb water vapor per pound of dry air 


grains water vapor per pound of dry air 


(9.8) 

(9.9) 


where the subscripts used are 

H and w for water vapor 
da for dry air 

9.8. Heat Content. In dealing with gases, vapors, and air-vapor 
mixtures the expression enthalpy is often used as indicative of the heat 
content, since heat transferred at constant pressure equals enthalpy 
change. Most air-conditioning processes are practically at constant 
pressure. The enthalpy of an air-vapor mixture is equal to the enthalpy 
of the dry air plus the enthalpy of the water vapor, taken in proportion 
to the weight of each present. For convenience in air-conditioning prob¬ 
lems this enthalpy is expressed as Btu of mixture per pound of dry air. 
Of course values of heat content are not absolute, nor do they indicate 
the total heat energy involved. The various expressions for heat content 
merely indicate the difference in heat energy between a fixed datum or 
reference condition and the condition under consideration. The datum 
generally taken for steam and water properties is that for saturated liquid 
at 32 F. The datum for dry air is 0 F and standard atmospheric pressure. 

The enthalpy of an air-vapor mixture‘can be calculated from the 
following equation: 

h = c p tdb + WhK (9.10) 

where h v — h„ at dew-point temperature + 0.45 (/* — U v ) or, approx¬ 
imately, h T = 1061 + 0.444/*, based on the latest steam tables. Also 

tdb = dry-bulb temperature 
t dp = dew-point temperature 

Therefore, without using a steam table, enthalpy can be calculated 
approximately from 
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A = Cptdb “I - u>»(1061 + 0.444 X /<*) (9.11) 

Enthalpy values at standard pressure only are given in the table of 
moist-air properties (A.18) in the Appendix. Using this table, to deter¬ 
mine the enthalpy of a partly saturated mixture at 29.92 in. of mercury 
the following equation can be applied at temperatures below 150 F: 

A = ha “t” <f>ha, (9.12) 

where h a and h a , are taken from Table A.18. 

Equations 9.10, 9.11, and 9.12 may be applied at temperatures below 
freezing as well as above 32 F. The amount of heat transferred to or from 
air at constant pressure, the process applicable in most cases, is equal to 
the difference in enthalpies at the initial and final conditions. 

Other terms for heat content have been formulated that are said to 
save time and eliminate confusion with some sacrifice in accuracy. One 
of these expressions is called total heat and defined by the following 
equation: 

T,H. ~~ Cptirb “I - WHtcbhgu'b (9.13) 

where t W b = wet-bulb temperature 

wuu>b = humidity ratio of saturated air at the wet-bulb temperature 
h„vb = enthalpy of saturated steam at the wet-bulb temperature 
This equation applies above and below freezing. Another expression 
called sigma heat content is defined as follows: 


AS = h — Wah/vb (9.14) 

AS “ Cptxpb I lOHwbhfgwb (9.15) 

where h /wb = approximately (t wb — 32) 

hfgu* — approximately (1093 — 0.556^) 

These last two equations also apply above and below freezing but only 
for vapor over water. For vapor over ice the following equations apply: 

AS = A — w n A j xrb (9.16) 

or A S Cptwb ”1” u? H\c b (hfpr b hiwb) (9.1/) 

# 

where h iwb = approximately (0.48/„* — 159) 

(hgwb A,^) = approximately (1220 — 0.036/«*) 

Note that in equations 9.13, 9.15, and 9.17 the heat content is a func¬ 
tion of the wet-bulb temperature. For this reason many psychrometric 
charts indicate total heat or sigma heat content values opposite the lines 
of constant wet-bulb temperature. 

Also note that at saturation, when the dry-bulb and the wet-bulb 
temperatures are the same, the total heat and the enthalpy values are the 
same. The sigma heat content is equal to this same value minus the heat 
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portable hair driers. The latter type requires less work from the operator 
but needs a source of electricity. 

Many humidity-control instruments and indicators employ human 
hairs, which are sensitive to relative humidity but must be kept clean and 
in calibration. Certain other hygroscopic materials are sometimes used 
to indicate or control relative humidity. 

One of the most accurate types of psychrometric instruments measures 
the dew-point temperature. 6 A thin plate of highly polished metal is used 
with a controlled cooling fluid flowing behind it and a thermocouple fast¬ 
ened just behind the polished surface. As the fluid temperature is low¬ 
ered and raised, the polished surface is observed with a long-focus 
microscope. The plate temperatures are recorded when moisture just 
appears and disappears on the plate as the air sample passes over it. 
These readings are averaged to obtain the dew-point temperature. 


Example 9.1. The following are applications of the preceding basic infor¬ 
mation to specific problems. 

(a) A sling psychrometer gives readings of 80 F dry bulb and 67 F wet 
bulb. Calculate the relative humidity indicated if the barometer is 29.92 in. Hg. 

From the steam tables, saturation pressure at 80 F = 1.0323 and at 67 F = 
0.6668 in. Hg. Using Eq. 9.4, 


(p Pwb)(tdb tub) 
Ph — Pwt 2830 - 1.441k* 


= 0.6668 


(29.92 - 0.67)(80 - 67) 
2830 - 1.44 X 67 


= 0.6668 - 0.1392 = 0.5276 in. Hg 

Using equation 9.5, 



0.5276 

1.0323 


51 % relative humidity 


Calculate the per cent saturation. 
Using equation 9.7, 


<t> = 


(P ~ p.) 
(P “ Ph) 


H r 


(29.92 - 1.03) 
(29.92 - 0.53) 


X 0.51 = 50.1% saturation 


Dew-point temperature from steam tables is the saturation temperature at 
0.5276 in. Hg = 60.3 F. 

Calculate the humidity ratio and volume per pound of dry air. Using 
equation 9.8, 


w H 


0.622 Ph 
p — Ph 


0.622 X 0.5276 
29.92 - 0.53 


0.01119 lb water vapor per lb dry air 


s Ewell, A. W., “Thermometry in Hvgrometric Measurements.” Refrigerating 
Engineering , Vol. 40, No. 1 (July, 1940), p. 27. 
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v = 


W RT = 0.01119 X 85.6 X 539,6 = cu ft lb d air 
0.5276 X 0.491 X 144 


Calculate the enthalpy, total heat, and sigma heat content. 

Using equation 9.11 and c p at 80 F = 0.2404, 

h = Cptdb 4- t»w(1061 + 0.444 X tjb) 

= 0.2404 X 80 + 0.01119(1061 + 0.444 X 80) = 31.50 Btu per lb dry air 
Using equation 9.12 (since pressure is 29.92 in. Hg), 

A = h a + 4>h a t 

= 19.22 + 0.501 X 24.47 = 31.50 Btu per lb dry air 
Using equation 9.13, 

T,H, — Cptieb 4 ” WHvth'gvb 

= 0.2403 X 67 4- 0.01424 X 1090.5 = 31.62 Btu per lb dry air 
Using equation 9.14, 

AS = A — WHhfvb 

= 31.50 - 0.01119 X 35 = 31.11 Btu per lb dry air 
Using equation 9.15, 

AS = CjJtwb 4" WHubhfowb 

= 0.2403 X 67 4- 0.01424 X 1055.4 = 31.12 Btu per lb dry air 

(b) Calculate the same values as above at the same temperatures 80 F dry 
bulb, 67 F wet bulb, but at a pressure of 24 in. Hg (equivalent to about 5900 ft 
elevation). 

- nnfifis - (24.00 - 0-67)(80 - 67) 

p „ - 0.6668 ^ 28S0 _ 1 44 x 67 ) 

= 0.6668 - 0.1110 = 0.5558 in. Hg 

__ 0.5558 con fn l k 

’ f0323 _ 539% re ' hum ' 

A = i 24 - * j X 0.539 = 52.6% saturation 
(24 — 0.56) 

Dew-point temp. = 61.8 F 
n 

WH = 0.622 X 24 00 - 0 ~56 = 0 01475 lb *** lb dry air 

= 0.01475 X 85.6 X 539,6 = cu ft [b d air 
0.5558 X 0.491 X 144 

A = 0.2404 X 80 4- 0.01475(1061 4- 0.444 X 80) = 35.40 Btu per lb dry air 

T.H. = 0.2403 X 67 4- 6.22 — X 1090.5 = 35.52 Btu per lb dry air 

24.0 — U.o7 

AS = 35.40 - 0.01477 X 35 = 34.88 Btu per lb dry air 
or AS = 0.2403 X 67 4- 0.0178 X 1055.4 = 34.88 Btu per lb dry air 
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9.10. Subfreezing Conditions. Psychrometry below 32 F requires 
extra precautions if much accuracy is desired. First, since the maximum 
wet-bulb depression is only 18 F and diminishes as the temperatures 
decrease, errors in thermometer readings become more significant. For 
example, a thermometer error of 0.1 F at 60 F means only 0.5 per cent 
error in relative humidity, whereas 0.1 F at —10 F means 4.3 per cent 
error in relative humidity. Matched calibrated thermometers should 
be used, and the lower the temperature, the finer the graduations required; 
0.1 F graduations or finer are recommended near 0 F. 

The second precaution is to allow sufficient time for equilibrium. 
The wick must be completely covered with ice, and a longer time is 
required to reach equilibrium than at higher temperatures. More reli¬ 
able results at dry bulbs under 32 F can be obtained without a wick and 
by coating the bulb with ice. This can be done by alternately dipping 
the bulb in ice water, then holding it in freezing air. 

The third precaution, if a wick is used, is to make certain w r hether it 
is covered with ice or w r hether it contains supercooled w r ater. Water on 
a wick can be chilled to the low r 20’s and not always freeze. Errors over 
6 per cent in relative humidity are possible at 32 F w r et bulb if the wrong 
vapor-pressure values are used. The vapor pressures at saturation over 
ice are less than those over supercooled water. However, at partial 
saturation the vapor pressure, humidity ratio, and therefore the enthalpy 
of an air-vapor mixture over ice may be less or greater than at the same 
temperatures over w r ater. In using charts or tables it should be noted 
whether values are for air over water or over ice, and the proper ones 
should be chosen. 

The fourth precaution is to avoid the radiation of heat from the 
observer and from other surfaces that are above dry-bulb temperature. 

The fifth precaution of having the proper air velocity over the bulbs 
applies at low temperatures as well as at other temperatures. 

When using an iced wet bulb, it is possible to obtain a w et-bulb reading 
more than 0.6 F higher than the dry-bulb reading. This phenomenon 
has been observed at temperatures as low as —22 F. 8 It occurs if the 
air contains supersaturated vapor when considered over ice but is sat¬ 
urated or only partly so when considered over supercooled w r ater. The 
vapor upon contacting the iced bulb condenses and freezes. In so doing, 
heat is given up, which raises the indicated w'et-bulb temperature. 

For a given air-vapor mixture with a dew-point temperature below 
32 F there is only one dry-bulb temperature, but the other properties have 
two values, one for over ice and the other for over water. 

Methods of calculating the properties at subfreezing conditions are 
given under their respective sections earlier in this chapter. 


* Ewell, A. W., loc. cit. 
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Example 9.2. (a) For a barometer reading of 29.92 in. of mercury calculate 

the humidity ratio over water and over ice at 30 F dry bulb and 20 F wet bulb. 
Over water, 


Over ice, 


P* 

Ph 


Wb 


0.1096 in. Hg 

(29.92 - 0.11)(30 - 20) 


0.1096 - 


2830 - 1.3 X 20 


0.1096 - 0.1070 = 0.0026 in. Hg 

4354 X 0.0026 A oc _ IU J _. 

29.92 - 0.0026 ~ 0 3S gram lb dry 


Ph 


0.1028 - 


(29.92 - 0.10) (30 - 20) 
3160 - 0.09 X 20 


* = 0.1027 - 0.0943 = 0.0084 in. Hg 

4354 X 0.0084 , 00 . , L J 

" 29.92 - 0.0084 “ 123 gnuns >*" lb dry 


(b) Calculate the same as in (a) but for 21 F dry bulb and 20 F wet bulb. 
Over water, 

(29.92 - 0.10(21 - 20) 

V " ~ 0 1096 “ 2830 - 1.3 X 20 

= 0.1096 - 0.0107 = 0.0989 in. Hg 
4354 X 0.0989 


Wh = 


= 14.50 grains per lb dry air 


Over ice, 


29.92 - 0.0989 
„ nin? o (29.92 - 0.10K21 - 20) 

p H 0.102^ 3160 _ Q Q9 x 2Q 

= 0.1027 - 0.0094 = 0.0933 in. Hg 
4354 X 0.0933 


Wb = 


29.92 - 0.0933 


= 13.62 grains per lb dry air 


Note that in (a) the humidity ratio is less over water than over ice, whereas 
at the temperatures in (b) the opposite is true. In (a) at 30 F dry bulb a relative 

humidity of or 2.0 per cent, produces the same wet-bulb reading using 

0.1 645 

0 0082 

supercooled water on the wick as a relative humidity of or 5.0 per cent, 

0.1645 

0.0990 

produces using an iced wet bulb. In (b) a relative humidity of ‘ > or 86.5 

l). lU7o 

per cent, indicates the same wet bulb using water on the wick as a relative 
0 0933 

humidity of - 1 ■ > or 92.0 per cent, indicates on an iced wet bulb. These 

U. lU7o 

relative humidity values are based on saturation over ice, which is standard 
practice in this country. English and German values of relative humidity are 
based on saturation over water and therefore are lower for the same temperatures. 7 

7 Ewell, A. W., “Humidity Measurement.” Refrigerating Engineering, Vol. 35, 
No. 3 (March, 1938), p. 176. 
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(c) Calculate the enthalpies and sigma heat contents for the conditions 
in (a) and (b). 

At 30 F dry bulb and 20 F wet bulb: 

Over water, 

0 38 

A = 0.24 X 30 + X (1061 + 0.444 X 30) = 7.26 Btu per lb dry air 
7UOU 

AS = 0.24 X 20 + rbU X (1093 - 0.556 X 20) = 7.28 

Over ice, 

1 23 

A = 0.24 X 30 + X (1061 + 0.444 X 30) = 7.39 
71HJU 

AS - 0.24 X 20 + T X (1220 - 0.036 X 20) = 7.41 

At 21 F dry bulb and 20 F wet bulb: 

Over water, 

A = 0.24 X 21 + ^ X (1061 + 0.444 X 21) 

7UIHJ 

AS = 0.24 X 20 + X (1093 - 0.556 X 20) 

Over ice, 

IQ PO 

A = 0.24 X 21 + —- X (1061 + 0.444 X 21) = 7.12 
7UUU 

AS = 0.24 X 20 + X (1220 - 0.036 X 20) = 7.41 

9.11. Psychrometric Charts. In order to conserve time in determin¬ 
ing properties of air-vapor mixtures, charts of various types have been 
designed. One presented in 1946 and copyrighted by the Carrier Cor¬ 
poration, has, like some preceding ones, dry-bulb temperature as the 
abscissa and humidity ratio as the ordinate. 8 Copies for two tempera¬ 
ture ranges are in the envelope on the back cover. Enthalpy values of 
saturated air are indicated on the extended diagonal wet-bulb lines. 
Lines of constant deviation from enthalpy at saturation are drawn through 
the region of partly saturated air. Thus the enthalpy at any condition 
in the range of the chart can be easily computed. 

These charts are for the standard barometric pressure of 29.92 in. of 
mercury. A table of corrections is included to apply for values at other 
pressures. Values at temperatures below freezing are for over ice. In 
1944 Wile presented a chart from —10 to 50 F showing values both over 
subcooled water and over ice at temperatures below freezing.® This 
chart indicates sigma heat content values. 

The standard barometric chart gives values of suitable accuracy for 
most commercial and industrial applications throughout the United States 


* Palmatier, E. P., and Wile, D. D., “A New Psychrometric Chart.” Refrigerating 
Engineering,- Vol. 52 (July, 1946), p. 31. 

•Wile, D. D., “Psychrometry in the Frost Zone.” Refrigerating Engineering, 
Vol. 48, No. 4 (October, 1944), p. 291. 


= 7.26 
= 7.28 
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with the exception of Denver and other smaller communities at signif¬ 
icant altitudes. Two charts, one for —50 to 60 F and the other for 40 
to 140 F, at pressures from 2 to 200 psia, have been presented by Kanig. 10 

9.12. Processes Involving Air-Vapor Mixtures. The common proc¬ 
esses involved in air conditioning are at practically constant pressure and 
can be illustrated by lines on a psychrometric chart. 

(A) Sensible Heating. This process involves heating without chang¬ 
ing the moisture content (humidity ratio) of the air. It therefore must 
be a horizontal line from left to right on the chart, as shown in Fig. 9.3. 
An application would be air in a duct passing over a heater. The relative 
humidity is lowered. 

(B) Sensible Cooling. This process involves cooling at constant 
moisture content or humidity ratio of the air. It can be shown as a 




Fig. 9.3. Sensible heating. Fig. 9.4. Sensible cooling. 

horizontal line from right to left on the chart as indicated in Fig. 9.4. 
The final temperature cannot be below the initial dew-point temperature. 
An example would be air in a duct passing over a cooling coil having a 
surface temperature above the dew'-point temperature of the air. The 
relative humidity is raised. 

(C) Adiabatic Saturation. “Adiabatic” means “no heat added or 
removed externally.” “Saturation” implies adding moisture. Recir¬ 
culated water is sprayed into the air, and part of it evaporates in trying 
to saturate the air. If the spraying is effective enough, the air leaves 
the spray 100 per cent saturated. Then, after equilibrium is established, 
the air will leave at the temperture of its entering wet bulb, and the recir¬ 
culated water will be at this same temperature. This process is indicated 
on the chart as a line parallel to the wet-bulb lines from the entering-air 
condition to the saturation curve, as shown in Fig. 9.5. In commercial 
practice the process of evaporative cooling closely approaches this ideal 
process. Evaporative cooling is effective in hot dry climates when the 
cooler humid condition is more desirable than the hot dry condition. It 


10 Kanig, H. Edmund, "Psychrometric Charts for High Altitude Calculations.” 
Refrigerating Engineering, Vol. 52, No. 5 (November, 1946), pp. 434-435. 
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should be remembered that the leaving wet-bulb temperature cannot be 
lower than the spray-water temperature. The relative humidity is raised. 

(D) Cooling and Dehumidifying. This process implies lowering both 
the air temperature and the humidity ratio. The actual process is diffi¬ 
cult to show on a chart. It would depend on the type of equipment used, 
but in general it can be indicated by a dotted curved line, as shown in 



ORY BULB TEMPERATURE ORY BULB TEMPERATURE 

Fig. 9.5. Adiabatic saturation. Fig. 9.6. Cooling and dehumidifying. 


Fig. 9.6. This is the process commonly used in summer air conditioning 
in which air passes over a cold coil or through a cold water spray. The 
air is chilled below its dew point, thus condensing out moisture. The 
final relative humdity generally is higher than at the start. 

(E) Heating and Humidifying. In this process, the reverse of the 
last one described, the temperature and humidity ratio both rise. On a 



DRY BULB TEMPERATURE ORY BULB TEMPERATURE 

Fig. 9.7. Heating and humidifying. Fig. 9.8. Chemical dehumidifying. 


chart it is indicated by a dotted curved line between the initial and final 
conditions, as shown in Fig. 9.7. This process is used in the winter to 
warm and humidify the air. It should be noted that the final relative 
humidity can be lower or higher than the initial value. 

(F) Chemical Dehumidifying. Air can be dehumidified by passing 
it over chemicals that have an affinity for moisture. Usually in so doing 
the moisture is condensed and gives up its latent heat, raising the dry-bulb 
temperature of the air. The air leaves drier but warmer. The process 
can be indicated by a dotted line on the chart, as shown in Fig. 9.8. The 
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wet bulb may increase or decrease. Units employing such chemicals are 
used in some comfort air-conditioning installations but mainly for indus¬ 
trial air conditioning. Since the leaving-air temperature is usually higher 
than wanted, it is necessary to add a sensible cooling process to get the 
desired final-air condition. 

(G) Mixing Air. When air at one condition is mixed with air at 
another condition, the condition of the final mixture can be indicated on 
a psychrometric chart by a point on the line joining the points indicating 
the original conditions, as shown in Fig. 9.9. The exact location of the 




Fig. 9.9. Mixing of air A and air B. Fig. 9.10. Air mixing with final con¬ 
dition in fog region. 

final point will depend upon the relative weights of dry air in the original 
air quantities. The ratio of AX to AB is equal to the ratio of the weight 
of dry air at B to the total weight of dry air involved. 

9.13. Fogged Air. Under certain conditions saturated air can hold 
additional moisture in the form of minute water droplets. The area to 
the left or above the saturation curve on the psychrometric chart used 
here represents conditions of fogged air. Such an atmospheric condition 
can be created in more than one manner. When warm humid air is mixed 
with cold air, the resulting mixture will be a fog if the state of the final 
mixture lies in the fog region of the psychrometric chart. Figure 9.10 
illustrates this condition where equal amounts of air at conditions A and 
B are mixed. The final condition will be represented by x. The tem¬ 
perature of the fog is that of the extended wet-bulb line passing through x. 

Fog can also result when steam or a very fine water spray is injected 
into air in a quantity greater than that necessary to saturate the air. 
Lesser quantities incompletely mixed with the air can result in part fog 
and part unsaturated air. 

Three methods of clearing fog are heating the fog, mixing the fog 
with warmer unsaturated air, and mechanically separating the water 
droplets from the air. 11 


11 Goodman, William, “The Psychrometric Chart, Its Application and Theory.” 
Heating, Piping ami Air Conditioning , Vol. 11, No. 11 (November, 1939), p. 671. 
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PROBLEMS 

1. (a) Calculate the water-vapor pressure of the atmosphere if the dry-bulb 
temperature is 72 F and the wet-bulb temperature is 50 F at standard barometer. 
Calculate (b) the relative humidity, (c) the per cent saturation, (d) the humidity 
ratio, (e) the enthalpy of the mixture, (f) the total heat, and (g) the sigma heat 
content. 

9 . 2 . For air at 25 F dry bulb and 20 F wet bulb over ice, calculate at 29.92 in. 
Hg (a) relative humidity, (b) per cent saturation, (c) humidity ratio, (d) enthalpy, 
(e) total heat, and (f) sigma heat content. 

9.3. Calculate the values in Problem 9.2 if the barometer is 25 in. Hg. 

9 . 4 . How many Btu per hour are required to heat 1000 cfm of air at 25 F 
dry bulb and 20 F wet bulb to 70 F dry bulb and 50 F wet bulb? How many 
gpm of water must be evaporated? 

9 . 5 . Determine the dry-bulb and wet-bulb temperatures of a mixture of 
1000 cfm, of air at 95 F dry bulb and 78 F wet bulb and 3000 cfm of air at 75 F 
dry bulb and 65 F wet bulb. 

9 . 6 . What will be the dry-bulb temperature if air at 100 F and 20 per cent 
relative humidity is saturated adiabatically to 90 per cent relative humidity? 
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9.7. What would be the final dry-bulb, wet-bulb, and humidity condition 

if 100 cfm of air at 75 F dry bulb and 70 F wet bulb mixes with 100 cfm of air - 
at 32 F dry bulb and 90 per cent relative humidity ? 

9 . 8 . (a) Determine the degree or per cent saturation of water vapor in air 
at 70 F dry bulb and 50 F wet bulb, (b) What is the relative humidity? 
(Barometer reads 29 in. Hg.) 

9 . 9 . Calculate the cubic feet of air-vapor mixture per pound, of dry air at 
51 F and 80 per cent relative humidity. 

9 . 10 . How many tons of refrigeration are required to cool 1000 cfm of air 
from 95 F dry bulb, 78 F wet bulb to 80 F dry bulb and 50 per cent relative 
humidity? 

9 . 11 . For air at 0 F dry bulb and 40 per cent relative humidity, calculate 
over ice (a) wet bulb, (b) dew point, (c) humidity ratio, and (d) enthalpy. 
(Barometer is 30 in. Hg.) 

9 . 12 . Air at 35 F dry bulb and 90 per cent relative humidity is cooled to 25 F. 
Determine the amount of moisture removed and the total enthalpy given up 
per pound of dry air. 

9 . 13 . A room is to be maintained at 40 F and 80 per cent relative humidity. 
Air is to be supplied at 30 F to absorb 100,000 Btu per hour sensible heat and 
35 lb of moisture per hour. How many pounds of dry air per hour is required? 
What should be the dew-point temperature and relative humidity of the supply 
air? 

9 . 14 . Can an air condition of 70 F and 80 per cent be obtained by evaporative 
cooling and reheat from a condition of (a) 100 F and 12 per cent, (b) 95 F and 
18 per cent, (c) 105 F and 10 per cent? Diagram each process on a schematic 
psychrometric chart. 

9 . 16 . How high a relative humidity must 95 F air have in order to obtain 
saturated air at 65 F by evaporative cooling? 


CHAPTER 10 


• Cooling-Load Calculations 

10.1. Types of Loads. The refrigerating engineer may encounter a 
wide variety of applications in his practice. In order to determine the 
proper equipment to use in each case he must first calculate the load and 
study its characteristics. Some of the more common types of loads 
include those for comfort air conditioning, industrial air conditioning, 
product chilling, product freezing, product storage, chilling water, milk, 
oil or other fluids, liquefying gases, and freezing liquids. Many of the 
fundamentals of heat transmission are applied in load calculations. In 
most cases heat transfer by conduction occurs, and in many instances heat 
transfer by convection or by radiation, or by both, takes place. 

The components of the heat gain in an air-cooled space are of two 
types, sensible heat and latent heat. It is important to differentiate 
between the two, since the ratio of the total quantity of one to that of 
the other affects the determination of the proper balance of equipment 
required. The air quantity, coil surface area, refrigerant temperature, 
and the sensible-latent heat ratio must balance for a given set of room 
conditions. Since sensible heat manifests itself by a temperature change, 
any heat source which raises the dry-bulb temperature of the air in a con¬ 
ditioned space causes a sensible-heat gain. Latent heat is the heat trans¬ 
ferred during a change of state of a substance, such as the latent heat of 
evaporation or the latent heat of condensation. As air passes through 
conditioning equipment and moisture is condensed, latent heat is given 
up. This air must enter the conditioned space with a humidity ratio low 
enough to produce the desired room conditions after absorbing the unde¬ 
sired moisture within the space. Thus any source that adds water vapor 
to the air in a conditioned space causes a latent-heat gain. The compo¬ 
nents that make up the totals of each of these heat gains are explained 
and discussed in the following sections. 

10.2. Design Conditions for Air Cooling. Since several of the items 
in the total-heat gain for a space are functions of the difference between 
inside and outside temperature and humidity, the proper design condi¬ 
tions must be selected. In comfort conditioning it is desirable, as the 
term implies, to maintain conditions that are comfortable to the majority 
of the occupants most of the time. From numerous tests conducted with 
human “guinea pigs” to determine desirable room conditions, the 
American Society of Heating and Ventilating Engineers developed their 
Effective Temperature Charts. 
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10.1 is the ASHVE Comfort Chart, and values in Table 10.1 are taken 
from it. 

Contrary to conclusions from the early tests, recent investigations in 
various parts of the United States indicate that, for office and other sed¬ 
entary workers considered as a group, optimum comfort is obtained when 
the temperature is between 74 and 78 F and that; as long as the relative 


TABLE 10.1 

Approximate Conditions of Equal Effective Temperature 1 


Effective 

Temperature 

Dry Bulb, F 

Wet Bulb, F 

Relative 

Humidity 


79 

59 

29% 


78 

60.5 

35 

71° 

77 

62 

42 


76 

63.5 

51 


75 

65.5 

60 


74 

67 

69 


80 

61 

32 


79 

62 

38 


78 

64 

45 

72 

77 

65 

52 


76 

66.5 

61 


75 

68 

70 


81 

62 

34 


80 

64 

41 

73 

79 

65.5 

48 


78 

66.5 

55 


77 

68 

62 


76 

69 

70 


83 

63 

32 


82 

64.5 

38 

74 

81 

66 

44 


80 

67 

51 


79 

68 

58 


78 

69.5 

65 


84 

64.5 

33 


83 

66 

39 

75 

82 

67 

46 


81 

68 

53 


80 

69.5 

60 


79 

70.5 

66 


85 

65 

33 


84 

66 

38 

75.5 

83 

67 

43 


82 

68.5 

49 


81 

69.5 

56 


80 

71 

64 


1 Baaed on data from Fig. 10 of Chapter 12, Heating Ventilating Air Conditioning 
Guide 1948. New York: American Society of Heating and Ventilating Engineers. 
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humidity is between 35 and 60 per cent, its actual value is not important. 
These conditions meet both summer and winter requirements for extended 
occupancy, and in many establishments the thermostat is kept at the 
same setting the year around. The above, of course, presumes the 
absence of drafts. 

The actual inside design temperatures selected in comfort air condi¬ 
tioning, however, are not necessarily those of optimum comfort. The 
length and type of occupancy, the outside design conditions used, and 
economic considerations affect the choice. When the design outside dry 
bulb is 95 F or higher, inside design conditions for most commercial air- 
conditioning applications are 80 F and 50 per cent relative humidity, or 
slightly under 74 F effective temperature. Conditions up to 75 F effective 
temperature are sometimes used for drugstores, cigar stores, quick-lunch 
counters, and similar establishments. For homes, offices, and stores 
having extended occupancy, an effective temperature of 73 F, or some¬ 
times 72 F, is selected. One degree lower design effective temperature 
should be used for each 5-degree drop in outside design temperature. 
The room thermostat is usually set lower than the design temperature. 

The inside design conditions for industrial air conditioning and for all 
refrigerated spaces depend upon the usage of the space and the specific 
products involved. Not only the kind of product but its age, condition, 
proposed length of storage, and the processes involved determine the 
desired temperature, humidity, and air movement. Very few products 
can be treated alike. Recommended conditions for several industrial 
air-conditioning processes are given in Chapter 18 under the specific 
applications. Frequently, the production foreman or superintendent 
knows under what conditions he can obtain the most satisfactory product, 
and the air-conditioning or refrigerating system is designed accordingly. 
In other cases it is the responsibility of the air-conditioning or refrigera¬ 
tion engineer to investigate or experiment and to recommend design 
conditions. Recommended storage conditions and other information 
for many food products are given in Table 10.2. 

One point to be emphasized is that guesswork should be eliminated 
in food preservation. There is no need for assuming design conditions 
with the great volume of information on the storage and freezing of most 
food products available from the U.S. Department of Agriculture, the 
various state agricultural departments and colleges, commercial con¬ 
cerns, recent trade magazines, and the ASRE Data Books. It is urged 
that before designing, recommending, or buying a system or equipment 
in this field the latest reliable information available be studied. 

Outside design conditions are determined from local experience or 
codes. They usually are the average maximum values, excluding the 
high values that occurred for less than three hours in only 10 days out of 
the year. Table 10.3 lists recommended values. 
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TABLE 10.3 

Outside Design Conditions 8 


State 

City 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 



Alabama 

Birmingham 

10 

95 

78 


Mobile 

15 

95 

80 


Montgomery 

10 

95 

78 

Arizona 

Flagstaff 

-10 

90 

65 


Phoenix 

25 

105 

76 


Tucson 

25 

105 

72 


Yuma 

30 

110 

78 

Arkansas 

Little Rock 

5 

95 

78 

California 

Bakersfield 

25 

105 

70 


El Centro 

25 

110 

78 


Fresno 

25 

105 

70 


Long Beach 

35 

90 

70 


Los Angeles 

35 

90 

70 


Needles 

25 

115 

80 


Oakland 

30 

85 

65 


Pasadena 

30 

95 

70 


Sacramento 

30 

100 

72 


San Bernadino 

30 

105 

72 


San Diego 

35 

85 

68 


San Francisco 

35 

85 

65 

Colorado 

Denver 

-10 

95 

64 

Connecticut 

Bridgeport 

0 

95 

75 


Hartford 

0 

93 

75 


New Haven 

0 

95 

75 

Delaware 

Wilmington 

0 

95 

78 

District of Columbia 

Washington 

0 

95 

78 

Florida 

Jacksonville 

25 

95 

78 


Miami 

35 

91 

79 

* 

Pensacola , 

20 

95 

78 


Tampa 

30 

95 

78 

Georgia 

Atlanta 

10 

95 

76 


Augusta 

10 

98 

76 


Brunswick 

20 

95 

78 


Columbus 

10 

98 

76 


Savannah 

20 

95 

78 

Idaho 

Boise 

-10 

95 

65 

Illinois 

Chicago 

-10 

95 

75 


Peoria 

-10 

95 

76 
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TABLE 10.3 (Continued) 
Outside Design Conditions 1 


State 

City 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 

Dry Bulb, F Wet Bulb, F 

Indiana 

Fort Wayne 

-10 

95 

75 


Indianapolis 

-10 

95 

76 

Iowa 

Des Moines 

-15 

95 

77 


Sioux City 

-20 

95 

77 

Kansas 

Wichita 

-10 

100 

75 

Kentucky 

Louisville 

0 

95 

78 

Louisiana 

New Orleans 

20 

95 

78 


Shreveport 

10 

100 

78 

Maine 

Augusta 

-15 

90 

73 


Bangor 

-20 

90 

73 


Portland 

- 5 

90 

73 

Maryland 

Baltimore 

0 

95 

78 


Cumberland 

0 

95 

75 

Massachusetts 

Boston 

0 

92 

75 


Fitchburg 

-10 

93 

75 


Springfield 

-10 

93 

75 


Worcester 

- 5 

93 

75 

Michigan 

Detroit 

-10 

95 

75 


Flint 

-10 

95 

75 


Grand Rapids 

-10 

95 

75 


Saginaw 

-10 

95 

75 

Minnesota 

Duluth 

-30 

93 

73 


Minneapolis 

-20 

95 

75 


St. Paul 

-20 

95 

75 

Mississippi 

Vicksburg 

10 

95 

78 

Missouri 

Kansas City 

-10 

100 

75 


St. Louis 

-10 

95 

78 

Montana 

Billings 

-25 

90 

66 


Helena 

-20 

95 

65 


Missoula 

-15 

95 

66 

Nebraska 

Lincoln 

-15 

95 

77 


Omaha 

-15 

95 

77 

Nevada 

Reno 

- 5 

95 

77 
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TABLE 10.3 ( Continued ) 
Outside Design Conditions 5 


State 

City 

1 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 

Dry Bulb, F 

Wet Bulb, F 

New Hampshire 

Concord 

-15 

90 

73 


Manchester 

-10 

90 

73 


Portsmouth 

0 

90 

73 

New Jersey 

Jersey City 

0 

95 

75 


Newark 

0 

95 

75 


Trenton 

0 

95 

78 

New Mexico 

Santa Fe 

- 5 

95 

65 

New York 

Albany 

-10 

93 

75 


Buffalo 

- 5 

93 

75 


I^ew York 

0 

95 

75 


Rochester 

- 5 

93 

75 


Syracuse 

-10 

93 

75 

North Carolina 

Asheville 

0 

93 

75 


Charlotte 

5 

95 

75 


Greensboro 

5 

95 

75 


Raleigh 

5 

95 

76 


Wilmington 

15 

95 

78 

North Dakota 

Bismarck 

-30 

• 95 

73 

Ohio 

Akron 

- 5 

95 

75 


Cincinnati 

0 

95 

78 


Cleveland 

- 5 

95 

75 


Columbus 

-10 

95 

76 


Dayton 

0 

95 

76 


Toledo 

-10 

95 

75 


Youngstown 

- 5 

95 

75 

Oklahoma 

Oklahoma City 

0 

101 

77 


Tulsa 

0 

101 

77 

Oregon 

Baker 

- 5 

90 

66 


Portland 

10 

90 

68 


Roseburg 

10 

90 

66 

Pennsylvania 

Altoona 

- 5 

95 

75 


Erie 

- 5 

93 

75 


Harrisburg 

0 

95 

75 


Oil City 

-15 

95 

75 


Philadelphia 

0 

95 

78 


Pittsburgh 

- 5 

95 

75 


Scranton 

- 5 

95 

75 

Rhode Island 

Pawtucket 

0 

93 

75 


Providence 

0 

93 

75 
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TABLE 10.3 {Continued) 
Outside Design Conditions’ 


State 

City 

Winter 
(Heating) 
Dry Bulb, F 

Summer (Cooling) 

Dry Bulb, F 

Wet Bulb, F 

South Carolina 

Charleston 

15 

95 

78 


Columbia 

10 

95 

75 


Greenville 

10 

95 

75 

South Dakota 

Sioux Falls 

-20 

95 

75 

Tennessee 

Chattanooga 

10 

95 

76 


Knoxville 

0 

95 

75 


Memphis 

0 

95 

78 


Nashville 

0 

95 

78 

Texas 

Dallas 

10 

100 

78 


El Paso 

10 

100 

69 


Fort Worth 

10 

100 

78 


Galveston 

20 

95 

80 


Houston 

20 

95 

78 


San Antonio 

20 

95 

78 

Utah 

Salt Lake City 

-10 

95 

65 

Vermont 

Burlington 

-15 

90 

73 


Rutland 

-15 

90 

73 

Virginia 

Norfolk 

15 

95 

78 


Richmond 

10 

95 

78 


Roanoke 

0 

95 

76 

Washington 

Seattle 

15 

85 

65 


Spokane 

-15 

93 

65 


Tacoma 

15 

85 

64 


Walla Walla 

- 5 

95 

65 


Wenatchee 

-10 

90 

65 


Yakima 

- 5 

95 

65 

West Virginia 

Bluefield 

-10 

95 

75 


Charleston 

0 

95 

75 


Huntington 

- 5 

95 

76 


Parkersburg 

-10 

95 

75 


Wheeling 

- 5 

95 

75 

Wisconsin 

Madison 

-15 

95 

75 


Milwaukee 

-15 

95 

75 

Wyoming 

Cheyenne 

-15 

95 

65 


’Reprinted, by permission, from Application Engineering Standards for Air 
Conditioning for Comfort, published by Air Conditioning and Refrigerating Machinery 
Association, Inc., 1947. 
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In some applications the maximum cooling load does not occur in the 
afternoon, when the outdoor temperature is usually at the maximum. 
Probable variations in outside conditions for typical design days of 95 F 
dry bulb and 78 F and 75 F wet bulbs are shown in Table 10.4. 

TABLE 10.4 

Probable Outside Temperature Variations for Two Typical Desion Days 

with Constant Dew Point* 


Standard Time 

Dry Bulb, F 

Wet Bulb, F 

10 A.M. 

88 

73 

76 

12 noon 

92 

74 

77 

2 P.M. 

95 

75 

78 

4 P.M. 

95 

75 

78 

6 P.M. 

94 

75 

78 

8 P.M. 

91 

74 

77 

10 P.M. 

88 

73 

76 


* (1) Dry-bulb temperature variations based on data for a typical July day with 
a mean daily range of 15 F as presented by Faust el al., “A Rational Heat Gain 
Method for the Determination of Air Conditioning Cooling Loads,” Transaction* 
ASHVE, Vol. 41 (1935), pp. 331-332. 

(2) Wet-bulb temperature variations based on approximate constant daily dew¬ 
point temperature. 

(3) Also see The Marley Co., “Summer Weather Data”; and Carrier, Cherne, 
and Grant, Modem Healing , Ventilating and Air Conditioning. New York: Pitman 
Publishing Corporation, 1940, p. 36. 

10.3. Air-Conditioning-Load Items. In general, the components of 
the cooling loads for comfort air conditioning, for industrial air condition¬ 
ing, or for any refrigerated space are the same. These may be classified in 
accordance with the following items, but all items are not always present 
in every case. 

A. Sensible heat gains in the space; 

1. Heat transmission through the structure 

2. Solar radiation 

3. Infiltration or air leakage into the space 

4. Heat emission from occupants 

5. Heat from electric lights 

6. Heat to be extracted from materials or products brought in at 

higher than room temperature 

7. Heat from other internal sources, such as motors and chemical. 

mechanical, gas, steam, hot water, electrical, or other appliances 
present 

B. Latent heat gains in the space: 

1. Infiltration by air leakage and by vapor-pressure difference 

2. Moisture from occupants 





§10.4] 


COOLING-LOAD CALCULATIONS 


203 


3. Moisture from materials or products in the space 

4. Moisture from other internal sources such as wet surfaces and 

chemical, gas, steam, hot water, electrical or other appliances 

C. Outside ventilation air: 

1. Sensible heat gain due to temperature difference 

2. Latent heat gain due to moisture difference 

D. Miscellaneous items 

10.4. Building Heat Transmission. After the proper design condi¬ 
tions are selected, the next step is to calculate the sensible heat load. 
The first item is heat gain by transmission through the surrounding 
walls, windows, doors, floor, and ceiling. As was pointed out in Chapter 8, 
when the temperature on one side of a wall differs from that on the other, 
heat flows from the high-temperature side to the low-temperature side. 
If the temperature is the same on both sides, there is no heat transfer. 
For example, on a cold winter day heat flows from a heated room to the 
outside, and on a hot summer day heat flows from outside into an air¬ 
cooled room. If the adjoining space is cooled to the same temperature 
as that in the space under consideration, there is no heat transmission 
between the spaces. The method of calculating the summer heat gain 
is similar to that for calculating the winter heat loss. The heat trans¬ 
ferred under steady heat flow through a given part of the structure is equal 
to the over-all heat-transmission coefficient for that portion times the 
total internal surface area involved times the difference between inside 
and outside air temperatures. In equation form: 

q = UAAt Btu per hour (8.26) 

The value of U may be determined from test data or calculated from the 
following equation as explained in §8.16: 


U = 


1 


/, + C + )t l + o + fc ! /,■ 


Btu per (hr) (sq ft) (F) (8.27) 


Values to use in equations 8.26 and 8.27 are given in Table 10.5 and in the 
Appendix, Tables A. 14, A. 15, and A. 16. Additional values may be 
found in bibliographic references 3 and 4 at the end of the chapter. 

The temperature difference At = t 0 — U. 

The area A in equation 8.26 may be obtained easily by measurement 
or from drawings, and the temperature difference is obvious when t 0 , the 
temperature in the adjoining space, is constant. For interior walls or 
partitions, floors, and ceilings, the temperature in the adjoining uncondi¬ 
tioned space is usually considered to be 5 to 10 deg below the outdoor 
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design temperature. Of course, kitchens, boiler rooms, attics, and show 
windows are exceptions, and the temperature in any one of them may 
often be higher than the outdoor temperature. 

In the case of exterior walls or ceilings, that is, walls exposed to the 
outdoors or ceilings directly under a roof, variations in outdoor tempera¬ 
tures and in the solar effect produce unsteady or periodic heat flow. The 

* TABLE 10.5 

Transmittance U, for Structures 4 

In Btu per (hr)(sq ft)(F) (difference in temperature between the air on the two sides) 
and with a wind velocity of 15 miles per hour outside 


Structure U 

Brick wall, 8-in., bare. 0.50 

Brick wall, 8-in., plaster one side on brick. 0.46 

Brick wall, 8-in., plaster one side on metal lath-furred. 0.32 

Brick wall, 16-in., bare. 0.28 

Brick wall, 16-in., plaster one side on brick. 0.27 

Brick wall, 16-in., plaster one side on metal lath-furred. 0.21 

Hollow tile, stucco exterior, 8-in., bare. 0.40 

Hollow tile, stucco exterior, 8-in., plaster on metal lath-furred. . . 0.28 

Hollow tile, stucco exterior, 12-in., bare. 0.30 

Hollow tile, stucco exterior, - 12-in., plaster on metal lath-furred.. 0.22 

Cinder blocks, 8-in., bare. 0.42 

Cinder blocks, 8-in., plaster one side on metal lath-furred. 0.28 

Concrete blocks, 8-in., bare. 0.56 

Clapboard frame construction, plaster on wood lath. 0.25 

Wood shingle frame construction, plaster on wood lath. 0.25 

Stucco frame construction, plaster on wood lath. 0.30 

Brick veneer frame construction, plaster on wood lath. 0.27 


time lag of heat transmission that depends upon the type of wall or ceiling 
structure must be considered. 

In the past most engineers neglected the time factor for continually 
shaded walls or roofs and used 4 as 0 to 12 F less than the outside design 
temperature, depending upon the mass of the wall or roof. They did 
consider the time lag to a certain degree for sun-exposed surfaces and used 
a to from 5 F below to 60 F above the outdoor design temperature, depend¬ 
ing on the time of day, orientation, and type of construction. More 
reliable data based upon tests conducted in comparatively recent years 
are now available. This information has been summarized in sets of 
curves showing heat flow and time relationships for roofs and walls of 
various constructions and exposures. Copies of these curves are shown 
in Figs. 10.2 to 10.7. When they are used the following equation is 
applied: 

q = AH t Btu per hour (10.1) 

where A = inside surface area in sq ft 

H t = heat flow entering the space in Btu per (hr)(sq ft) taken 
from the proper curve 

4 From Refrigerating Data Book, 5th ed., 1943. New York: American Society of 
Refrigerating Engineers, p. 157. 
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ing costs of the refrigerator and equipment involved. In general, the 
thicknesses shown in Table 10.6 are recommended. For walls with sun 
exposure, an additional inch is suggested, with two additional inches 
recommended for roofs. For walk-in refrigerators, this insulation is used 
in addition to a masonry or other substantial wall, and ^-in. Portland 
cement is usually applied to the inside surface. A good vapor barrier 
should also be used. Vapor-tight double metal containers are now used 
for reach-in refrigerators and freezer units. 


TABLE 10.6 

Minimum Thickness of Insulation* 


Room 

Temperature, F 

1 

Equivalent 
Thickness of 
Corkboard, 
in.* 

Minimum 
Transmission 
Coefficient 
Btu per (hr) 
(sq ft)(F)t 

-19 to -10 

8 ‘ 

.042 

— 9 to — 5 

7 


- 4 to + 5 

G 


6 to 20 

5 

HsilSI 

21 to 35 

4 

.083 

36 to 45 

3 

111 

46 and over 

2 

.167 


* These recommended thicknesses are based on the assumption that the insulation 
is properly applied and remains in a reasonably dry condition over years of service. 

t Units have been converted from Btu per 24-hr period as given in original table. 

It is recommended that 15 per cent be added to the theoretical trans¬ 
mission values when computing refrigerator loads of all types, to allow 
for installation irregularities. 

10.6. Solar Radiation. The solar effect on opaque building surfaces, 
where a time lag from 1 to 16 hr or more is involved, was considered in 
the preceding section. The solar heat gain through transparent or trans¬ 
lucent materials, such as windows, involves little if any time lag. This 
heat gain through glass is figured in addition to the transmission gain 
through it. The general equation used is 

q = A a fl Btu per hour (10.2) 

where A a = actual area of the glass only, which is usually 80 per cent or 
less of the opening area used for the transmission gain. 
(See §10.4.) 


4 Adapted, by permission, from Equipment Standards of the Air Conditioning and 
Refrigerating Machinery Association, Inc., 1946 ed. 
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I — intensity of solar radiation striking the surface in Btu per 
(hr)(sq ft) and depends upon time of day, orientation, and 
latitude 

/ = per cent transmitted to the inside expressed as a decimal and 
depends on the type of shading appurtenance used 
Values of I and / are included in Tables 10.7 and 10.8. 

Solar radiation is often the largest component of the room sensible- 
heat load for a building with considerable window area. It may be nec¬ 
essary to calculate loads for different hours of the day in order to find 
when and what the maximum load may be. Dividing the building into 
several zones separately controlled is recommended to overcome the 
variation in solar radiation and in each zone's load as the day passes. 

10.6. Infiltration. This item is estimated in the same manner as it 
is for heating, but for large spaces it is not proportionately so large an 
item in the total load. When the normal infiltration does not provide 
adequate ventilation, outside air is drawn directly into the air-condition¬ 
ing unit after mixing with some return air and then discharged into the 
conditioned space. Often the outside air required is sufficient to build 
up a slight pressure within the space and offset the infiltration. No 
infiltration need be figured if the volume of outside air handled by the 
equipment is great enough to offset the larger of the total calculated 
infiltration or the quantity of air being exhausted, if any. If the outside 
air handled is not sufficient to do this, the additional requirement is 
included in the load as infiltration items. Frequent door openings or 
doors left open cause considerable infiltration. Recommended values in 
air-conditioning applications are given in Table 10.9. The sensible-heat 
gain from infiltration is calculated from the equation 


q = cfm X 60 X p X c v (t a — U) Btu per hour (10.3) 

If p is taken as 0.075 (standard air), 

q = cfm X 1.08 X ( l 0 — U) Btu per hour (10.4) 

At 32 F, q = cfm X 1.16 X (to - U) (10.5) 

The latent heat gain from air infiltration is calculated from the 
equation 

q = cfm X 60 X p X (w Ho — w H i) X Btu per hour (10.6) 

Again taking p as 0.075 and h fg as 1060 for 60 F, 

q = cfm X 0.68 X (w Ho — Wm) Btu per hour (10.7) 

At 32 F, q = cfm X 0.74 X (i o Ho — w H %) Btu per hour (10.8) 
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TABLE 10.7 


Total Instantaneous Rates or Heat Gain through Single, Unshaded, Common 
Glass, for Variously Oriented Vertical and for Horizontal Positions* 
Data for solar declination of 17.5 deg—August 1 


Sun 

Time 

Solar 

.Altitude 

P Deg 

Total Instantaneous Rate of Heat Gain, Btu Per Hour 
for Each Square Foot of Unshaded Glass 

N 

NE 

E 

SE 

S 

SYV 

W 

NW 

Horizontal 

25 Deg North Latitude 

6 A.M. 

7.5 

19 

77 

84 

40 

3 

3 

3 

■Q 

12 

7 


26 

146 

173 

98 

10 

10 

10 


68 

8 

34.0 

18 

148 

193 

121 

13 

13 

13 

13 

143 

9 

47.5 

15 

118 

172 

120 

16 

15 

15 

15 



61.5 

16 

67 

124 

95 

22 

16 

16 

16 

252 

11 

74.5 

16 

25 

57 

57 

25 

16 

16 

16 

282 

12 

83.0 

16 

16 

16 

25 

28 

25 

16 

16 

293 

1 P.M. 

74.5 

16 

16 

16 

16 

25 

57 

57 

25 

282 

2 

61.5 

16 

16 

16 

16 

22 

95 

124 

67 

252 

3 

47.5 

15 

15 

15 

15 

16 

120 

172 

118 

205 

4 

34.0 

18 

13 

13 

13 

13 

121 

193 

148 

143 

5 


26 

10 

10 

10 

10 

98 

173 

146 

68 

6 

7.5 

19 

3 

3 

3 

3 

40 

84 

77 

12 


SO Deg North Latitude 


6 A.M. 

9.0 

22 

88 

97 

47 

4 

4 

4 

4 

15 

7 

21.5 

23 

146 

176 

105 

11 

11 

11 

ii 

74 

8 

34.5 

16 

140 

194 

130 

14 

14 

14 

14 

144 

9 

47.5 

15 

104 

171 

133 

20 

15 

15 

15 

205 

10 

60.0 

16 

53 

126 

112 

33 

16 

16 

16 

248 

11 

72.0 

16 

19 

56 

74 

42 

16 

16 

16 

277 

12 

78.0 

16 

16 

16 

34 

45 

34 

16 

16 

288 

1 P.M. 

72.0 

16 

16 

16 

16 

42 

74 

56 

19 

277 

2 

60.0 

16 

16 

16 

16 

33 

112 

126 

53 

248 

3 

47.5 

15 

15 

15 

15 

20 

133 

171 

104 

205 

4 

34.5 

16 

14 

14 

14 

14 

130 

194 

140 

144 

5 

21.5 

23 

11 

11 

11 

11 

105 

176 

146 

74 

6 

9.0 

22 

4 

4 

4 

4 

47 

97 

88 

15 


SB Deg North Latitude 


6 A.M. 

10.0 

21 

97 

109 

53 

4 

4 

4 

4 

19 

7 

22.5 

19 

143 

179 

110 

11 

11 

11 

11 

79 

8 

34.5 

14 

133 

194 

140 

15 

14 

14 

14 

144 

9 

46.5 

15 

90 

170 

144 

28 

15 

15 

15 

200 

10 

58.5 

16 

38 

126 

128 

47 

16 

16 

16 

243 

11 

68.5 

16 

16 

56 

91 

62 

17 

16 

16 

269 

12 

73.0 

16 

16 

16 

45 

68 

45 

16 

16 

279 

1 P.M. 

68.5 

16 

16 

16 

17 

62 

91 

56 

16 

269 

2 

58.5 

16 

16 

16 

16 

47 

128 

126 

38 

243 

3 

46.5 

15 

15 

15 

15 

28 

144 

170 

90 

200 

4 

34.5 

14 

14 

14 

14 

15 

140 

194 

133 

144 

5 

22.5 

19 

11 

11 

11 

11 

110 

179 

143 

79 

6 

10.0 

21 

4 

4 

4 

4 

53 

109 

97 

19 
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TABLE 10.7 ( Continued) 

Total Instantaneous Rates of Heat Gain through Single, Unshaded, Common 
Glass, fob Variously Oriented Vertical and for Horizontal Positions* 



Data for solar declination of 17.5 deg—August 1 

Sun 

Time 

Solar 

Altitude 

Total Instantaneous Rate of Heat Gain, Btu Per Hour 
for Each Square Foot of Unshaded Glass 

8 Deg 

N | NE | E | SE | S | SW | W | NW | Horizontal 



40 Deg North Latitude 


5 a.m. 

1.5 

7 

18 

17 

6 

1 

1 

1 

1 

2 

6 

11.5 

23 

106 


62 

5 

5 

5 

5 

24 

7 


15 

141 

181 

118 

11 

11 

11 

11 

82 

8 

34.5 

14 

122 

194 

147 

19 

14 

14 

14 

145 

9 

45.5 

15 

76 

172 

156 

42 

15 

' 15 

15 

196 



16 



144 

66 

16 

16 

16 

235 

11 

64.5 

16 

16 

53 


85 

22 

16 

16 

261 

12 


16 

16 

16 

62 

94 

62 

16 

16 

269 

1 P.M. 

64.5 

16 

16 

16 

22 

85 


52 

16 

261 

2 


16 

16 

16 

16 

66 

144 

125 


235 

3 

45.5 

15 

15 

15 

15 

42 

156 

172 

76 

196 

4 

34.5 

14 

14 

14 

14 

19 

147 

194 

122 

145 

5 


15 

11 

11 

11 

11 

118 

181 

141 

82 

6 

11.5 

23 

5 

5 

5 

5 

62 

120 


' 24 

7 

1.5 

7 

1 

1 

1 

1 

6 

17 

18 

2 


45 Deg North Latitude 


5 A.M. 

2.0 1 

9 

23 

23 

8 

1 

1 

1 

1 

2 

6 

12.5 

22 

111 

129 

68 

6 

6 

6 

6 

28 

7 

23.0 

13 

135 

182 

121 

11 

11 

11 

11 

82 

8 

33.5 

14 

116 

192 

153 

24 

14 

14 

14 

141 

9 

44.0 

15 

63 

168 

166 

55 

15 

15 

15 

189 

10 

53.0 

16 

22 

123 

154 

88 

16 

16 

16 

225 

11 

60.0 

16 

16 

56 

127 

113 

30 

16 

16 

249 

12 

63.0 

16 

16 

16 

76 

119 

76 

16 

16 

256 

1 P.M. 

60.0 

16 

16 

16 

30 

113 


56 

16 

249 

2 

53.0 

16 

16 

16 

16 

88 


123 

22 

225 

3 

44.0 

15 

15 

15 

15 

55 

166 

168 

63 

189 

4 

33.5 

14 

14 

14 

14 

24 

153 

192 

116 

141 

5 

23.0 

13 

11 

11 

11 

11 

121 

182 

135 

82 

6 

12.5 

22 

6 

6 

6 

6 

68 

129 

111 

28 

7 

2.0 

9 

1 

1 

1 

1 

8 

23 

23 

2 


50 Deg North Latitude 


5 A.M. 

4.5 

18 

48 

48 

17 

2 

2 

2 

2 

5 

6 

13.5 

22 

119 

139 

75 

6 

6 

6 

6 

32 

7 

23.5 

11 

131 

183 

127 

11 

11 

11 

11 

84 

8 

33.0 

13 



161 

30 

13 

13 

13 

138 

9 

42.0 

14 

51 

165 

173 

69 

14 

14 

14 

179 



16 

19 

122 

166 

109 

16 

16 

16 

214 

11 

56.0 

16 

16 

55 

138 

133 

41 

16 

16 

235 

12 

58.0 

16 

16 

16 

92 

140 

92 

16 

16 

242 

1 P.M. 

56.0 

16 

16 

16 

41 

133 

138 

55 

16 

235 

2 


16 

16 

16 

16 


166 

122 

19 

214 

3 

42.0 

14 

14 

14 

14 

69 

173 

165 

51 

179 

4 

33.0 

13 

13 

13 

13 


161 

190 

103 

138 

5 

23.5 

11 

11 

11 

11 

11 

127 


131 

84 

6 

13.5 

22 

6 

6 

6 

6 

75 



32 

7 

4.5 

18 

2 

2 

2 

2 

17 



5 


• ASHVE research data. Reprinted, by permission, from Heating Ventilating 
Air Conditioning Ouide 1948, Chapter 15. 
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TABLE 10.8 

Effect of Shading upon Total Rates of Instantaneous Heat Gain through 

Glass 7 


Type of Shading 

Finish 

/ 

Fraction of Gain 
through Unshaded 
Window 

Outside Shading Screen: metal slats 0.050 in. wide, 
spaced 0.063 in. apart and set at 17-deg angle 
with horizontal. 

Dark 

0.20-0.35 

0.26-0.35 

Canvas Awning. 

Dark 

Outside Venetian Blind: slats at 45 deg, extended 
as an awning without sides to cover approxi¬ 
mately two-thirds of window. 

Light 

Aluminum 

0.35-0.50 

Inside Roller Shade: fully drawn. 

Approx. 0.45 

Approx. 0.6 

0.65-0.80 

Outside Venetian Blind: slats at 45 deg, fully cover¬ 
ing window... 

Aluminum 

Inside Venetian Blind: slats at 45 deg, fully cover¬ 
ing window..!. 

Aluminum 

Inside Roller Shade: half drawn. 

Buff 

Approx. 0.7 
0.90-0.95 

Inside Roller Shade: half drawn. 

Dark 



TABLE 10.9 s 

Outside Air Infiltration For Air Conditioning* 


(H) = Room Height (L) = Length, 

(W) = Width (G) = Wall Factor 

Room with one outside wall, (G) = 1 
Two outside walls, ((?) =1.5 
Three or more outside walls, (G) = 2 

(H) ■ • • X (L) • • • X (W) ■ • • X «?)••• 


* For rooms with weatherstripped windows or storm sash, use 50% of this value. 

Note: For each person entering or leaving through a door which opens to the 
outside (or unconditioned space), the additional infiltration for a 36-inch swinging 
door may be taken as 100 cubic feet and for a 72-inch revolving door, the additional 
infiltration (cubic feet per person per passage) may be taken as: 


Usage 

Freely Revolving Door 

Door Equipped with Brake 

Infrequent 

75 

60 

Average 

60 

50 

Heavy 

40 

40 


These figures are based on the assumption that there is no wind pressure and that 
swinging doors are in use in one wall only. Any swinging doors in other walls should 
be kept closed to insure air conditioning in accordance with these recommended 
standards. 


7 ASHVE research data. Reprinted, by permission, from Heating Ventilating 
Air Conditioning Guide 1948 , Chapter 15. 

8 Reprinted, by permission, from Application Engineering Standards for Air Con - 
ditioning for Comfort , published by Air Conditioning and Refrigerating Machinery 
Association, Inc., 1947. 
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For industrial applications requiring low humidities, it is important 
to consider that infiltration of water vapor, in addition to that from air 
infiltration, takes place through the walls unless a good vapor barrier is 
properly installed in the wall. Heat-insulated walls are not necessarily 
vapor barriers. Masonry, fibrous materials, and oil paints are not good 
vapor barriers. Two coats of glossy enamel or of aluminum paint or 
asphalt impregnated papers well sealed are much better. Factors for 
vapor permeability of various materials are given in the literature. 9 

Most refrigerators are practically airtight. The infiltration around 
the doors, which are gasketed, is negligible, so that there is air leakage 
only when doors are opened. Consequently, the frequency and total time 
of door openings must be considered. Since these factors cannot be 
predicted, values of room-air changes based on past experience are recom¬ 
mended. Air-change values for average door usage showing the variation 
due to room size and temperature are given in Table 10.10. These values 
should be increased up to 50 per cent or greater for heavier than average 
door usage. The smaller the refrigerator, the greater the importance of 
this load component, and the more care recommended in calculating it, 
since it becomes a larger percentage of the total load. Of course these 
air-change values do not apply when outside air is handled by the cooling 
equipment. The heat gain is determined from the following equation: 

q = cu ft room volume X air changes per hour 

X air density X ( h„ — h t ) Btu per hour (10.9) 

10.7. Occupants. Man and many other living creatures may be 
compared in some respects with an automatically controlled stoker-fired 
furnace. Food consisting mainly of carbon, hydrogen, oxygen, nitrogen, 
and certain minerals, which likewise are the main elements in coal, is 
taken in periodically just as coal is fed into the hopper. Air is continually 
drawn in, and the oxygen combines with the carbon to form carbon diox¬ 
ide, which is exhaled, and with the hydrogen to form water vapor which 
is also exhaled. Some water also leaves through the sweat glands and 
evaporates from the skin surface as a part of the marvelous control system 
that maintains our body temperature at about 99 F. Heat is evolved 

* "H & V’s Reference Data—241 & 242.” Healing and Ventilating, Vol. 40, 
No. 3 (March, 1943). 

Teeadale, L. V., "Comparative Resistance to Vapor Transmission of Various 
Building Materials.” Heating, Piping and Air Conditioning: ASHVE Journal 
Section, Vol. 14, No. 12 (December, 1942), p. 736. 

Rowley, F. B., Algren, A. B., and Lund, C. E., "Condensation Within Walls.” 
Heating, Piping and Air Conditioning: ASHVE Journal Section, Vol. 10, No. 1 
(January, 1938), p. 49. 

Building Materials and Structures Reports. Washington, D.C.: United States 
Department of Commerce, United States Government Printing Office. 

Refrigerating Data Book, 6th ed. New York: American Society of Refrigerating 
Engineers, 1943. p. 154. 
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TABLE 10.10 

Average Air Changes per 24 Hr for Storage Rooms Due to Door Opening 

and Infiltration 10 


, Volume 
cu ft 

Air 

changes 
per 24 hr 

Volume 
cu ft 

Air 

changes 
per 24 hr 

Volume 
cu ft 

Air 

changes 
per 24 hr 

Volume 
cu ft 

Air 

changes 
per 24 hr 

Above 32 F 








250 

38.0 

BilBmiiliiiiiJHB 

17.5 

6,000 

6.5 

30,000 

2.7 

300 

34.5 


14.0 

8,000 

5.5 

40,000 

2.3 

400 

29.5 


12.0 

10,000 

4.9 

50,000 

2.0 

500 

26.0 

tX2 

9.5 

15,000 

3.9 

75,000 

1.6 

600 

23.0 

BjGhhh 

8.2 

20,000 

3.5 

100,000 

1.4 

800 

20.0 


7.2 

25,000 

3.0 



Below 82 F 








250 

29.0 

1,000 

13.5 

5,000 

5.6 

25,000 

2.3 

300 

26.2 

1,500 

11.0 

6,000 

5.0 

30,000 

2.1 

400 

22.5 

2,000 

9.3 

8,000 

4.3 

40,000 

1.8 

500 

20.0 

2,500 

8.1 

10,000 

3.8 

50,000 

1.6 

600 

18.0 

3,000 

7.4 

15,000 

3.0 

75,000 

1.3 

800 

15.3 

4,000 

6.3 

20,000 

2.6 

100,000 

1.1 


from this oxidation process, termed metabolism, as it is from the oxidation 
or combustion process in the furnace. Since the body surface tempera¬ 
ture is about 90 F, sensible heat is lost by radiation, convection, and 
conduction to the surroundings that are at a lower temperature. Latent 
heat is added to the room through the moisture exhaled and evaporated 
from the skin. The higher the room temperature, the greater is the 
ratio of latent heat to sensible heat given up. 

The total amount of heat lost by a person depends upon his activity 
and the surrounding temperatures. These quantities for an average 
man, 5 ft 8 in. tall and weighing 150 lb, are given in Table 10.11. Addi¬ 
tional values are given in Table 10.12. The average maximum number 
of occupants is multipled by the proper factor for the sensible-heat com¬ 
ponent and by the proper corresponding factor for the latent-heat compo¬ 
nent of the room load. 

q = No. of occupants X Btu per hr per occupant Btu per hr (10.10) 

10.8. Electric Lights. The total wattage of lights that will be on 
during the hour selected for figuring the design load is multiplied by 3.4 
to obtain the sensible-heat gain in Btu per hour. Exceptions are encoun¬ 
tered where some of the lights are recessed in the ceiling or walls, or where 
high rooms may permit stratification of heat at the ceiling. In such cases 


10 From Refrigerating Data Book, 5th ed., 1943. New York: American Society of 
Refrigerating Engineers, p. 170. 
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a reduction factor may be employed. In some spaces the lights near the 
window are turned off when the sun is shining on the window; in other 
spaces the lights are left on continuously. 

q = effective wattage X 3.4 Btu per hour (10.11) 

10.9. Product Load. This component may consist of several sub¬ 
divisions, depending upon the product and temperatures involved. 
These subdivisions, each of which must be calculated separately, are as 
follows: 


Chilling above freezing 
Freezing 

Cooling below freezing 

Product reaction or respiration heat 


Five factors must be known in order to determine the product chilling 
load: (1) The entering-product temperature should be obtained, possibly 
from the man in charge of the operations in the space. (2) The final 
product temperature desired should be selected, usually from tables based 
on recent experiences. (3) The maximum pounds of product that are 

TABLE 10.11 

Heat Loss from the Average Human Body 11 


Room 

Per Person at Rest 
or Moving Slowly 

Per Person Doing 

Light Work 

Dry Bulb 

Sensible 

Latent 

Total 

Sensible 

Latent 

Total 


Heat 

Heat 

Heat 

Heat 

Heat 

Heat 

86 


240 

400 

110 

550 

660 

84 


220 

400 

150 

510 

660 

82 



400 

180 

480 

660 

80 

220 

180 

400 

210 

450 

660 

78 

240 

160 

400 

240 

420 

660 

76 

260 

140 

400 

270 

390 

660 

74 

280 

120 

400 

300 

360 

660 

72 

290 

110 

400 

330 


660 

70 


100 

400 

350 

310 

660 

60 

. . . 



460 

200 

660 

60 




540 

120 


40 




620 

110 

730 

35 




650 

110 

760 

30 




690 

110 


25 




730 

110 

840 


11 Based on data from Figs. 6 and 7 of Chapter 12, Healing Ventilating Air Con¬ 
ditioning Guide 1948. 
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TABLE 10.12 

Heat Gain from Occupants 11 


Degree of Activity 

Typical 

Application 

Total 

Heat 

Adult 

Male 

Btu/Hr 

Total 

Heat 

Ad¬ 

justed* 

Btu/Hr 

Sensible 

Heat 

Btu/Hr 

Latent 

Heat 

Btu/Hr 

Seated at rest 

Theater—Matinee 

390 

330 

180 

150 


Theater—Evening 

390 

350 

195 

155 

Seated, very light work 

Offices, Hotels, 
Apartments 

450 

400 

195 

205 

Moderately active office 
work 

Offices, Hotels, 
Apartments 

475 

450 

200 

250 

Standing, light work; 
walking slowly 

Dept. Store, Retail 
Store, 10^ Store 

550 

450 

200 

250 

Walking; seated; stand¬ 
ing; walking slowly 

Drug Store 

Bank 

550 

500 

200 

300 

Sedentary work 

Restaurant f 

490 

550 

220 

330 

Light bench work 

Factory 

800 

750 

220 

530 

Moderate dancing 

Dance Hall 

900 

850 

245 

605 

Walking, 2 mph; moder¬ 
ately heavy work 

Factory 

1000 

1000 

300 

700 

Bowling! 

Bowling Alley 

1500 

1450 

465 

985 

Heavy work 

Factory 

1500 

1450 

465 

985 


* Adjusted total heat gain is based on normal percentage of men, women, and 
children for the application listed and is based on the gain from an adult female 
being 85% of the value for an adult male and the gain from a child being 75% of the 
value for an adult male. 

t The adjusted total heat value for sedentary work, restaurant, includes 60 Btu 
per hour for food per individual (30 Btu sensible and 30 Btu latent). 

} For bowling, figure one person per alley actually bowling and all others as sitting 
(400 Btu per hour) or standing (550 Btu per hour). . 

Note: The above values are based on 80 F room dry-bulb temperature. For 78 F 
room dry-bulb temperature, the total heat gain remains the same, but the sensible 
heat values should be increased by approximately 10% and the latent heat values 
decreased accordingly. 


to be chilled at any one time must be decided. (4) The chilling time 
required for the kind and individual size of product handled can be 
obtained from test data available. There is a fixed minimum time for 
chilling that cannot be reduced appreciably even by lowering the room 
temperature. In other words, heat, and incidentally moisture, can be 
removed from a product at a certain maximum rate. It is poor engineer¬ 
ing to figure on quick-chilling a large product and to install the extra 
capacity calculated when such rapid chilling actually is impractical or 


11 Reprinted, by permission, from Application Engineering Standards for Air 
Conditioning for Comfort , published by Air Conditioning and Refrigerating Machinery 
Association, Inc., 1947. 
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even impossible. (5) The specific heat of the product can be found from 
tables. 

When figuring a chilling load on an hourly basis, an additional “ chill¬ 
ing factor” is recommended to allow for the high load at the start of the 
chilling period. This factor varies for different products and is equivalent 
to adding up to 50 per cent more to the average hourly chilling load. 
The chilling load in equation form is 


3 = 


lb X sp ht X (h - ti) 


chilling time in hr X chilling facto ? Btu hr < 1012 > 


The freezing load, sometimes forgotten by the novice in calculating 
a freezer load, often is the largest item. The factors involved are the 
weight of product to be frozen, its latent heat of fusion, and the freezing 
time. In equation form, 


3 = 


lb X latent heat 
freezing time in hr 


Btu per hr 


(10.13) 


The cooling load below freezing involves the product weight, its spe¬ 
cific heat when frozen, the temperature drop desired, and the time allowed. 
The specific heat is considerably less than for the unfrozen product. 
Incidentally, the freezing temperature for most food products is about 
28 F (see Table 10.2). In equation form, 


3 = 


lb X sp ht below freezing X (tr — U) 
cooling time in hr 


Btu per hr 


(10.14) 


During the maturing of some food products, even in cold storage, 
reaction or respiration heat is evolved. The rate of heat production is 
shown in Table 10.13, and multiplying by the weight of product gives the 
heat gain. 


q = lb X evolution of heat per (lb) (hr) Btu per hr (10.15) 

When the product is in containers, the cooling of the containers must 
also be included. Equation 10.12 may be applied to them. 

Equations 10.12, 10.13, 10.14, and 10.15 give total heat values, which 
may be sufficient in many instances. However, refrigeration applications 
often are essentially no different than industrial air-conditioning applica¬ 
tions. For such cases it is recommended that when possible the total 
room load be divided into sensible and latent heat components in order 
to select a satisfactory coil size, refrigerant temperature, and also fan 
capacity, if a fan is used. The humidity and velocity of the supply-air 
into the room as well as its temperature are important in spaces where the 
products are not in sealed packages, and proper equipment size and bal¬ 
ance is essential in order to maintain the desired conditions. Unfor- 
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TABLE 10.13 

Approximate Rate of Evolution of Heat bt Certain Fresh Fruits and 
Vegetables When Stored at the Temperatures Indicated 1 * 


Commodity 

Tem¬ 

pera¬ 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Commodity 

Tem¬ 

pera¬ 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Apples 

32 

660 to 1,000 

Grapes—(Con/.) 




40 

1,110 to 1,760 

Emperor 

32 

350 


60 

4,400 to 6,600 


43 

850 


85 

6,600 to 15,400 


53 

1,810 




Ohanez 

32 

300 

Bananas: 

54 

3,300 


43 

740 

Green 

68 

8,360 


53 

1,570 . 

Turning 

68 

9,240 




Ripe 

68 

8,360 

Lemons 

32 

580 




40 

810 

Beets 

32 

2,650 


60 

2,070 


40 

4,060 


80 

6,200 


60 

7,240 







Lettuce 

32 

11,320 

Cantaloupes 

32 

1,320 


40 

15,990 


40 

1,960 


60 

45,980 


60 

8,500 







Mushrooms 

32 

6,160 

Carrots 

32 

2,130 

(cultivated) 

50 

22,000 


40 

3,470 


70 

58,000 


60 

8,080 







Onions (Yellow 

32 

660 to 1,100 

Celery 

32 

2,820 

Globe) 

50 

1,760 to 1,980 


40 

4,540 


70 

3,080 to 4,180 


60 

13,520 







Oranges 

32 

690 to 900 

Cherries (sour) 

32 

1,320 to 1,760 


40 

1,400 


60 

11 000 to 13,200 


60 

5,000 





80 

8,000 

Grapefruit 

32 

460 





40 

1,070 

Peaches 

32 

850 to 1,370 


60 

2,770 


40 

1,440 to 2,030 


80 

4,180 


60 

7,260 to 9,310 





80 

17,930 to 22,460 

Grapes: 

36 

660 to 1,100 




Cornichon and 

60 

2,200 to 2,640 

Pears (Bartlett) 

32 

660 to 880 

Flame Tokay 

80 

5,500 to 6,600 


60 

8,800 to 13,200 

Sultanina 

32 

430 

Peppers 

32 

2,720 


43 

1,050 


40 

4,700 


53 



60 

8,470 


11 From Refrigerating Data Book, 5th ed., 1943. New York: American Society 
of Refrigerating Engineers, p. 208 
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TABLE 10.13 ( Continued) 

Approximate Rate of Evolution of Heat by Certain Fresh Fruits and 
Vegetables When Stored at the Temperatures Indicated 1 * 


Commodity 

Tem¬ 

pera¬ 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
units 

Commodity 

Tem¬ 

pera¬ 

ture, 

F 

Heat evolved 
per ton of fruits 
or vegetables 
per 24 hours, 
British thermal 
imits 

Potatoes (Irish 

32 

440 to 880 

Sweet corn 

32 

5,890 

Cobbler) 

40 

1,100 to 1,760 


40 

8,190 


70 

2,200 to 3,520 


60 

17,130 

Raspberries 

36 

4,400 to 6,600 

Sweet potatoes: 

32 

2,440 


60 

15,400 to 17,600 

Not cured 

40 

3,350 





60 

6,300 

Strawberries 

32 

2,730 to 3,800 





40 

5,130 to 6,600 

Cured 

32 

1,190 


60 

15,640 to 19,140 


40 

1,710 


80 

37,220 to 46,440 


60 

4,280 

String beans 

32 

4,740 

Tomatoes 

32 

580 


40 

6,740 

(mature green) 

40 

1,070 


60 

22,630 


60 

6,230 




Tomatoes (ripe) 

32 

1,020 





40 

1,260 





60 

5,640 


tunately, lack of published information on the ratio of product latent to 
total heat often makes it difficult to calculate the load and select the 
equipment from a scientific viewpoint. 

The latent heat load involves product dehydration, an interesting 
though poorly understood subject. At least one company has made 
available to their engineers some data on this subject, and fragments of 
information have been published from time to time. Table 10.14 sum¬ 
marizes data compiled by Fiske. 

Since attempts to chill or to freeze products in storage rooms have 
caused trouble, it is strongly recommended that separate chilling spaces 
and freezing spaces be provided in addition to the storage spaces. The 
use of moistureproof containers is also recommended wherever practi¬ 
cal. Chilling room loads are often unpredictable, and i<i is suggested 
that the equipment selected be flexible in operation and that provision 
for humidification and for the addition of sensible heat in the space or 
supply-air system be considered. In many cases it has been necessary 
to add such equipment. Calculations of loads at the start and at the end 
of the chilling period will give some indication of the difference required 
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TABLE 10.14 

Product Moisture Loss in Storage 14 


Commodity 

Temperature, 

F 

Humidity, 

Per Cent 

Period 

L088, 

Per Cent 


/ 32 

90 


6-8 mo 

3-4 


\ 37 

951 




f. 03 * 1.1 

Apples. 

{ 37 

75! 


1-50 days 


1 .08*3.5 


I 59 

951 




1 .06*2.5 


\ 59 

75 




1.18*8.2 

( 2-lb steak. 


90 & 80 

1 day 

.9 & 1.8 

Beef | 40-lb roast. 


90 * 80 

1 day 

.4 & .8 

1160-lb quarter. 


90 & 80 

1 day 

.2 & .5 

Beef. 

Normal storage 

Normal storage 

1 mo 

3.0 

Beets. 

32 

98 


1 mo 

2.5 

Brussels sprouts. 

/ 32 

98 


1 mo 

10.0 


1 32 

85-90 

2-3 mo 

20-25 

f curled. 

31 

85 


6-7 mo 

10-15 

Cabbage | red. 

31 

85 


6-7 mo 

6-8 


31 

85 


6-7 mo 

8-10 

Carrots. 

32 

98 


1 mo 

1.5 

Cauliflower. 

32 

98 


1 mo 

11.0 

Celery. 

30 

90 


6-7 mo 

8.0 

Cheese. 

60 

75 



10.0 

Cucumbers. 

32 

98 


1 mo 

6.0 

Currants.. t. 

30 

85 


2 mo 

6.0 

Eggs. 

/ 32 

99 


3 mo 

2.0 


\ 32 

88 


3 mo 

7.0 

Gooseberries. 

30 

85 


2 mo 

6.0 

Lima beans. 

32 

98 


1 mo 

4 0 

Onions. 

31 

85 


6-8 mo 

6-8 

Peaches.. 

30 

90 


1-2 mo 

8-12 

Pears. 

32 

90 


4-6 mo 

3-6 

Peppers. 

32 

98 


1 mo 

3.0 

Plums. 

30 

85 


2 mo 

; 4-6 

Spinach. 

30 

90 


G-7 mo 

4-5 

Squash. 

32 

98 


1 mo 

1.0 

Strawberries. 

34 

90 


1 mo 

4.0 


in equipment operating conditions. The rate of chilling must be selected 
with care. 

When only the total load can be calculated, the equipment selection 
must be based on a room-to-coil temperature difference selected from 
experience. Maximum values of temperature difference are given in 
§11.17 for forced-air coils and for gravity coils. 

10.10. Other Internal Heat Sources. Motors and other equipment 
located in the cooled space and giving off only sensible heat are figured 
as part of the sensible heat gain. If the actual wattage used can be 
determined, it is multiplied by 3.4 to obtain the equivalent Btu per hour. 
Fractional-horsepower motors are not so efficient as larger ones, and when 


14 From Fiske, D. I/., “Principles of the Refrigeration Low Side,” New Rochelle, 
New York, 1945. 
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they are fully loaded, the heat gain may be as great as 5000 Btu per hour 
or more per total name-plate horsepower. Of course, motors are not 
always fully loaded, nor do they always run continuously. Where con¬ 
siderable horsepower is involved, very careful survey data must be 
obtained in order to make an accurate cooling estimate. Relative to 
electric cooking equipment, the total heat figured is taken as 20 to 100 per 
cent of name-plate rating and the latent heat from 0 to 35 per cent of this 
total, depending on the use and type of appliance. 

The total heat gain from gas-burning equipment is taken as 10 to 100 
per cent of name-plate rating and the latent heat as 0 to 55 per cent of 
this total, depending on the use, type of appliance, and whether a gravity 
vent is used. 

Steam-heated equipment also gives off heat, as do certain chemical 
processes and mechanical equipment, even though the source of power 
may be outside the space. These items occur mainly in industrial air- 
conditioning applications and require careful survey data. 

WTien equipment is properly hooded and connected to a positive 
exhaust system, approximately half of the heat given off is carried away 
and approximately half of it gets into the room. 

Values of heat liberated by appliances are given in Table 10.15. 

10.11. Outside Air. In order to keep a room fresh, outside air is 
brought in to dilute and reduce the concentration of smoke, odors, carbon 
dioxide, or other undesirables. The number of people smoking and the 
ceiling height or volume of the space affect the volume of outside air 
required per unit time per person for air-conditioning applications. 
When local codes do not indicate specific quantities, values taken from 
Table 10.16 are recommended. 

Certain fruits and vegetables are still alive when placed in a refrig¬ 
erator and continue to mature. They require oxygen, and the carbon 
dioxide and the heat generated must be removed. In some cases outside 
air is introduced through the cooling apparatus. This has been done, 
particularly for apple, pear, and citrus-fruit storage, for banana ripening, 
and for ale and beer fermentation rooms. However, F. W. Allen, 
pomologist at the University of California, and W. T. Pentzer, plant 
physiologist, U.S. Department of Agriculture, state that outside-air 
ventilation is rarely practical for apples and pears. 16 

Both sensible heat and latent heat are added by the outside air, and 
in general these are calculated in the same manner as the infiltration 
components. 

Many practicing engineers take into account coil “by-pass factors” 
when estimating the cooling load and supply-air quantity. The theory 


11 From Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed., 
Chapter 13. New York: American Society of Refrigerating Engineers, 1946. 
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Rate of Heat Gain from Appliances without Hoods* 1 ’ 


222 


COOLING-LOAD CALCULATIONS [§10.11 


^.S S 
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H 


1120 

290 

6000 

3700 

5700 

5000 

2000 

700 

550 

4000 

9500 

8 

00 

1 

1 

a 

£ 

oa 


220 

60 

1200 

1500 

2300 

O 

008 

350 

350 

2400 

5700 

1700 

2900 

8 

H 

SZ 2 

8 

£ 

Sensi¬ 

ble 


900 

230 

a 

2200 

3400 

I 


350 

200 


1 

3100 

5300 


Main¬ 

tain¬ 

ing 

Rate 

Btu 

per 

Hour 


306 

■ 

2600 

3600 

l 

1 


400 

8 

i 

1 

5000 

i 

Manu¬ 

facturer's 

Rating 



4960° 

4500° 

5000° 

o 

1 

O 

8 

© 

8 

* 


o 

8 

CO 

Cl 

i 

.0008 

Miscellaneous Data 

00 

•2 

a 

a 

Brewer 660 w 

Warmer 90 w 

2000 w water heater, 
2960 w brewer 

Nickel plated 

Nickel plated 

Exhaust system 


Insulated, separate heat 
unit for each pot; plate 
warmer in base 



Area 12 X 14 in. 

Area 18 X 14 in. 

Area 23 X 18 in. 

| Area 10 X 12 in. 

Control 

A—Auto¬ 
matic 

M—Man¬ 
ual 

c 

"*«» 

c 

§ 

£ 



A 

A 

< 

s 

< 

1 






Over-all Dimen¬ 
sions (Less Legs 
and Handles; 
Last Dimension 
Is Height), Inches 

2 

e 

1 

a* 


20 X 30 X 26 

12 X 23 X 21 

18 (Diara.) X 37 

22 X 22 X 57 

10 X 13 X 25 

1 

1 

| 

16 X 18 X 12 

18 X 18 X 8 

24 X 20 X 10 

o 

X 

X 

*-4 

Capacity 


cJ 

to 

H 

to 

3 gal 

5 gal 


2 cups 


1 


B 




Appliance 


Coffee Brewer and Warmer 

Coffee Brewer Unit with 
Tank 

Coffee Urn 

Doughnut Machine 

Egg Boiler 

Food Warmer, with Plate 
Warmer, per sq ft of top 
surface 

Food Wanner, alone, per 
sq ft of top surface 

Fry Kettle 

Fry Kettle 

Griddle, Frying 

Griddle, Frying 

Grill, Meat 
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on which this practice is based is that the air in passing through a finned- 
tube coil does not all contact the coil or fin surface unless the coil is several 
rows deep in the direction of air flow. The by-pass factor is equal to the 
difference between the entering-air temperature and the mean surface 
temperature, divided by the difference between the leaving air temper¬ 
ature and the mean surface temperature. 17 The by-pass factor for a coil 
of n rows deep equals the by-pass factor for one row raised to the nth 
power. If the by-pass factor for one row is 0.67 (ordinary air conditioning 
coil with about 7 fins per inch), 

BF for 2 rows = 0.67 2 = 0.45, 

BF for 4 rows = 0.67 4 = 0.20 and 

BF for 8 rows = 0.67® = 0.04 (small enough to use zero). 

Therefore, for most coils 6 rows or less in depth, an appreciable part 
of the outside air slips past the coil uncooled and becomes part of the room 

TABLE 10.16 

Ventilation Requirements 1 ' 


Smoking 1 

No. of 
Occupants 

CFM 

None 

Light 

Heavy 

.X 71 = .*.. 

. X 15 =. 

.X 40 =. 



load. The sensible and the latent heat gain of*the outside air must each 
be divided, and the portions equivalent to the by-pass factor are added 
in with the room sensible and room latent heat loads, respectively (20 per 
cent for the 4-row coil above). The remainder of the outside-air heat 
gain is added to the total room load. 

10.12. Miscellaneous Items. After the room sensible-heat compo¬ 
nents are totaled, a certain percentage of the sum is added to the total 
to account for supply-duct heat gain, supply-duct air leakage, supply-fan 
power input, and a safety factor when any of these items apply. This 
section presents one method of analysis by which these items may be 
computed. 19 

The supply-duct heat gain depends upon the temperature of the air 
in the duct and the temperature of the space surrounding the duct. If 
all of the duct is in the conditioned space, this item is zero; but for a long 

17 Carrier, W. H., “The Contact-Mixture Analogy Applied to Heat Transfer with 
Mixtures of Air and Water Vapor.” Transactions A.S.M.E., Vol. 59, p. 49, 1937. 

11 Reprinted, by permission, from Application Engineering Standards for Air 
Conditioning for Comfort, published by Air Conditioning and Refrigerating Machinery 
Association, Inc., 1947. 

»» Carrier, Cheme and Grant, Modern Heating , Ventilating and Air Conditioning. 
New York: Pitman Publishing Corp., 1940, pp. 52-55. 
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run, less air than originally computed is required from the outlets near the 
fan, because of the panel cooling effect of the duct. More air than orig¬ 
inally planned for ig needed for the outlets near the end of the duct because 
of the rise in air temperature in the duct. If the duct is located in an 
unconditioned spa^e, it usually must be insulated to prevent condensa¬ 
tion. Insulation i^ also generally economical in order to reduce the duct 
heat gain. 

The percentage to add to the room sensible heat to account for the 
supply-duct heat gain may be calculated from the following equation: 


Percentage gain = 100 X length of duct X temp, rise per unit length 
air temp, outside duct — air temp, inside duct > in . 


conditioned room temp. — fan discharge temp. 


(10.16) 


Values of temperature rise are given in Table 10.17. The figures for 
furred ducts are b^sed on f in. of metal lath and plaster and those for 
insulated ducts are based on 1 in. of cork, plastered. 


TABLE 10.17 

Transmission of Heat to Air Ducts 


CFM 


600 

800 

1,000 


2 , 

4, 

6 , 


8 , 

10 , 

20 , 


Temperature Rise per F Difference per 100-ft Length 
Uninsulated Furred Insulated 


0.51 0.26 0.14 

.46 .22 .12 

.42 .20 .105 

.30 .14 .070 

.21 .094 .050 

.17 .076 .042 

.15 .060 .038 

.14 .060 .035 

.12 .050 .030 


The loss due to supply-air leakage is not easy to estimate, since it 
depends upon the care used in the duct construction. Leakages as great 
as 30 per cent have been reported. The following are the recommended 
minimum percentages to add: 


Long runs. 10% 

Medium runs. 5% 

Short runs. Neglect 


The power consumed by the fan is converted into heat energy and 
imparted to the air. If the fan is on the entering side of the conditioning 
equipment, this energy must be added to the total load. If the fan is on 
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the leaving side, the heat is added to the room sensible-heat load. Values 
based on 50 per cent static efficiency and for various temperature differ¬ 
ences between the conditioned room air and the supply air are given in 
Table 10.18. 

The safety factor is sometimes called the factor of ignorance, and 
rightly so, since its value should be gaged by the accuracy or completeness 
of the survey data and possibly should include an allowance for unpre¬ 
dictable items. Values from 0 to 10 per cent are used in practice. 

TABLE 10.18 

Heat Due to Fan Horsepower 


Per Cent of Room Sensible Heat 


Total 

Fan Head 
in Inches 
Water 

Fan Motor Within Conditioned 
Space or Air Stream 

Fan Motor Not in Conditioned 
Space or Air Stream 


Differential 



Differential 



10 F 

20 F 

30 F 

10 F 

20 F 

30 F 

0.75 

6.5 

3.5 


5.5 

3.0 

2.0 

1.25 

11.0 

5.5 


9.5 

4.5 

3.0 

1.75 

15.5 

7.5 


13.0 

6.5 

4.5 


The same percentages for supply-duct leakage loss and for safety 
factor as applied to the sensible-heat load are also applied to the sum of 
the room latent-heat loads, although the safety factor may be different 
in special cases. 

The return-duct heat gain and air-leakage gain are generally not 
appreciable but should not be overlooked if the duct is long and must run 
through unconditioned space. Values from Table 10.17 may be used to 
compute the heat gain. These values, plus those for pump horsepower 
and dehumidifier and piping loss, if any, should be added to the total 
system load. Percentages for heat due to pump power are given in 
Table 10.19. 

Example 10.1. (a) Calculate the percentage to add to the room sensible 

heat for an insulated 60-ft supply-air duct in a 90 F space delivering 8000 cfm at 
60 F to a room at 80 F. 

on_fin 

Percentage gain = 100 X 0.6 X 0.038 X ^= 3.4% 

oU — t)U 

(b) Determine for the same system the heat due to fan power for a static 
pressure of 1.25 in. if the motor is not in the conditioned space. 

80 — 60 = 20 F difference; from Table 10.18, gain = 4.5% 
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10.13. Cooling-Load Calculation. The principles and procedures 
explained in the preceding sections may be understood better by studying 
specific applications. Many manufacturers of air-conditioning or refrig¬ 
erating equipment conduct training schools for their own and their 
dealers’ engineers. Slight variations in certain details of calculating 
some of the items may be found when comparing the methods recom¬ 
mended by each concern, but in general the procedures are the same, and 
usually comparable equipment capacities are finally recommended for a 
given application. 


TABLE 10.19 

Heat Due to Pump Horsepower* 0 


Pump Head, Ft. 

Per Cent of Grand Total Heat 

Chilled Water Temperature Rise 

5 F 

7 F 

10 F 

35 

2.0 

1.5 

1.0 

70 

3.5 

2.5 

2.0 

100 

5.5 

4.0 

2.5 

> 





It should be pointed out that the actual cooling load in a space is a 
function of time and of the heat capacity or storage effect of the contents 
and surrounding structure for the given space. Particularly careful 
consideration should be given to this fact in designing a system for a 
funeral home or other establishment having a peak load of comparatively 
short duration and considerably in excess of the usual load. Some of the 
phenomena of storage effect has been investigated in conjunction with 
recent studies made on panel cooling. 21 Data on how to utilize this 
storage effect, however, are most difficult to find, and additional infor¬ 
mation would be a worth-while contribution to the profession. This 
storage effect may explain why certain systems with apparently under¬ 
sized compressor capacity are operating fairly satisfactorily. 

Example 10.2. Calculate the cooling load for an optical-goods shop in 
Baltimore from the following data: 

Total outside windows: 442 sq ft 

Net south glass: 80 sq ft with shade screen 
Net east glass: 180 sq ft with shade screen 
Somewhat hazy atmosphere outside 

Tables 10.17, 10.18, 10.19 are from Carrier, Cherne, and Grant, Modem Healing , 
Ventilating and Air Conditioning. New York: Pitman Publishing Corporation, 1940, 
pp. 53-54. 

11 Leopold, C. S., “The Mechanism of Heat-Transfer-Panel Cooling Heat Storage.” 
Refrigerating Engineering , Vol. 54, No. 1 (July, 1947), p. 33; Part II, Vol. 55, No. G 
(June, 1948), p. 571. 




230 


COOLING-LOAD CALCULATIONS 


[§10.14 


Walla: 16 in. brick 

Net east: 288 aq ft Net south: 137 sq ft 

Net west: 0 aq ft Net north: 370 sq ft 

Floor area: 2000 sq ft Ceiling height: 10 ft 

Floor and ceiling: Double wood floor on wood joists, metal ceiling 

Partition: 880 sq ft; Wood lath and plaster on both sides of studs. 

Occupants: 25 Lights: 2500 watts 

Motors: 15 hp, 64% efficient, fully loaded, running 50% of the time. 

Inside design conditions: 80 F d.b., 67 F w.b. 

By-pass factor for four-row coil: 0.2 in. 

Figure 10.8 shows the total cooling load calculated from the above survey 
data. Determination of the apparatus dew point indicated is explained in Chap¬ 
ter 11. 

10.14. Refrigerator Loads. In general, the heat sources in a refrig¬ 
erator may be classified in accordance with the following items: 

(1) Heat transmission 

(2) Air leakage and ventilation 

(3) Product load 

(4) Miscellaneous internal sources 

These items have been explained in the preceding sections, and a 10 
per cent safety-factor item is added to their sum to allow for possible 
variations in the assumptions made. The last three items are often 
difficult to predict for refrigerators having a volume under 1600 cu ft. 
In such cases the load is divided into two components: transmission gain 
and usage load. 

The transmission gain is calculated in the usual manner, but the door 
loss, product load, internal heat gain, and a safety allowance are based 
on a single factor determined from experience. These factors, indicating 
variation due to space volume, usage, and outside temperature minus 
room temperature, are shown in Table 10.20. Some estimators employ 
empirical rules for calculating loads based on refrigerator surface area 
only; others use refrigerator volume only. It is obvious that disagreeing 
answers would be obtained in many cases. The method described above 
is recommended. 

Many estimators calculate an hourly load at the time of day when it 
will be a maximum. As the load drops off from this maximum, the com¬ 
pressor cycles or defrosting can be accomplished. Other estimators 
calculate a 24-hr load and then divide by a factor varying from 14 to 20 
to arrive at a maximum hourly load for selecting equipment. The actual 
value used for operating hours per day is based on experience, allowing 
for a defrosting period and loading. Factors of 18 to 20 are used for 
installations with coil temperatures above freezing, 18 for room temper- 
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WaU: 

Wall: 

154 X 10 X 0.15 
286 X 0 

s=s 

230 

(with 2 in. cork insulation) 

WaU: 

154 X 55 X 0.08 

= 

680 

(with 4 in. cork insulation) 

WaU: 

286 X 70 X 0.06 

= 

1,200 

(with 5 in. cork insulation) 

Floor: 

364 X 50 X 0.08 

= 

1,460 

(with 4 in. cork insulation) 

Ceiling: 

364 X 90 X 0.05 

= 

1,640 

(with 6 in. cork insulation) 

Door loss 

: 4000 X 60 X 0.008 

= 

1,920 


People: 

2 X 760 

= 

1,520 


Lights: 

600 X 3.4 

= 

2,040 


Product: 

12,000 X 55 X 0.75 
24 X 0.8 

Plus 10% 

= 

25,900 

36,590 

3,660 





40,250 Btu per hr 


(b) Calculate the cooling load for a refrigerator 9 X 4 X 8 ft high, used for 
vegetable service, at 40 F and 90 per cent relative humidity. Outside room 
temperatures are 95 F dry bulb and 78 F wet bulb. 

Walls: 208 X 55 X 0.10 = 1150 3 in. cork 

Floor: 36 X 55 X 0.10 = 200 

Ceiling: 36 X 55 X 0.10 = 200 

Usage: 288 X H X 0.075 X (41.4 - 14.7) = 840 

2390 

Plus 10% = 240 

2630 Btu per hr 

h. = 0.24 X 95 + tV&( 1061 X 0.444 X 95) = 41.4 Btu per lb 

h { = 0.24 X 40 + tMtK 1061 X 0.444 X 40) = 14.7 Btu per lb 

10.15. Fluid Cooling Loads. When refrigeration applications involve 
the direct cooling of a fluid, the amount of refrigeration required, or total 
load, usually consists of two components: fluid cooling and equipment 
losses. 

The amount or rate of flow of fluid, its specific heat in the cooling 
range, its initial temperature, and its desired final temperature must be 
determined. These are combined to give the cooling load, of the fluid 
only, in the equation 


q = lb per hr X sp ht X (fi — U) Btu per hour (10.17) 


Of course the heat exchanger must be properly designed so that the 
fluid can be cooled as desired. Even so, there often are heat gains from 
surroundings, for which an allowance should be made. In some instances 
this allowance can be calculated. In other cases it should be based on 
experience and good engineering judgment. 

Whenever a change of state of the fluid takes place, the latent heat 
of condensation or of freezing must be considered. 
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TABLE 10.20 

Usage Heat Loss, Btu per 24 Hr for One Cu Ft Interior Capacity** 


Volume 
cu ft 

Service 

15 

Normal 

Heavy 

50 

Normal 

Heavy 

100 

Normal 

Heavy 

200 

Normal 

Heavy 

300 

Normal 

Heavy 

400 

Normal 

Heavy 

600 

Normal 

Heavy 

800 

Normal 

Heavy 

1,000 

Normal 

Heavy 

1,200 

Normal 

Heavy 

1,600 

Normal 

Heavy 


Temperature reduction in F 
(Room temp, minus box temp.) 


40 45 50 


108 122 135 

134 151 168 

97 109 121 

124 140 155 

85 96 107 

114 128 143 

74 83 93 

104 117 130 

68 77 85 

98 110 123 

65 73 81 

95 107 119 

61 68 76 

91 103 114 

59 67 74 

89 100 112 

57 64 72 

86 ' 97 108 

55 62 69 

84 95 105 

51 58 64 

79 89 99 


55 60 65 


149 162 176 

184 201 218 

133 145 157 

171 186 202 

117 128 138 

157 171 185 

102 111 120 
143 156 169 

94 102 111 

135 147 159 

89 97 105 

130 142 154 

84 91 99 

125 137 148 

81 89 96 

123 134 145 

79 86 93 

119 130 140 

76 83 90 

116 126 137 

70 77 83 

108 118 127 


70 75 80 


189 203 216 

235 251 268 

169 182 194 

217 233 248 

149 160 170 

200 214 228 

130 139 148 

183 195 208 

119 128 136 

172 184 196 

113 122 130 

166 178 190 

106 114 122 

160 171 182 

104 111 118 

156 167 178 

100 107 114 

151 162 173 

97 104 110 

147 158 168 

90 96 102 

138 148 158 
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PROBLEMS 

10 . 1 . Calculate the coohng load for the following office in Chicago. Inside 
conditions 78 F dry bulb, 50 per cent relative humidity. Exposed walls on the 
south and west are 60 ft and 40 ft long, respectively. Ceiling height is 10 ft. 
Windows are single glass with Venetian blinds, 180 sq ft in south wall, 120 sq ft 
in west wall. Walls are of 8 in. brick, furred and plastered, the east and north 
partitions are of 4 in. hollow tile with metal lath and plaster on each side. Ceiling 
U is 0.15. The space below the office is at 78 F. There are 4800 watts of light 
and 30 occupants. Spaces above and adjoining partitions are at 90 F. 

10 . 2 . Calculate the cooling load for a freezing room 6 X 8 X 8 ft high at 
0 F if 400 lb of poultry is to be chilled from 40 to 10 F in.20 hr. There are 
200 watts of light. Recommended minimum insulation is used and the outside 
temperature is 80 F. 

10 . 3 . Calculate the cooling load for a refrigerator 8 X 5 X 8 ft high used 
for general heavy service. Inside conditions are to be 36 F and 85 per cent 
relative humidity. Outside conditions are 90 F dry bulb and 75 F wet bulb. 
Recommended minimum insulation is used. 

10 . 4 . (a) Calculate the load for an apple storage room 10 X 30 X 8 ft high 
at 40 F and holding 8000 lb of apples. Outside temperature is 80 F and normal 
insulation is used, (b) Calculate the load for the same room if 1000 lb is to be 
cooled from 80 F to 40 F in 4S hr. 

10 . 5 . Calculate the Btu per hour heat gain to an insulated duct that carries 
4000 cfm for 30 ft and then divides into two ducts carrying 2000 cfm each, one 
for 10 ft and the other for 30 ft. The air at the start of the duct is 60 F. The 
surrounding space is at 100 F. 

10 . 6 . A restaurant at 40° latitude has a total heat gain of 9.5 tons at 12 noon. 
The southern exposure consists of 200 sq ft of unshaded glass. What would be 
the total load if (a) inside Venetian blinds are added and (b) if an awning is added? 
The miscellaneous room sensible heat gain items total 10 per cent. 

10 . 7 . How many tons of refrigeration are required to cool 50 gpm of oil 
having a specific gravity of 0.83 and a specific heat of 0.51 from 80 F to 60 F? 
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10 . 8 . Calculate the room sensible and latent heat loads for a celery storage 
room 19 X 25 X 10 ft high at 32 F and 90 per cent humidity using 4-in. insula¬ 
tion, when the outside conditions are 90 F and 60 per cent humidity. Twenty 
tons of celery is received periodically and should be chilled 5 F in 24 hr. The 
product latent heat, 0.05 Btu per pound per hour, is included in the total product 
cooling load. There are 300 watts of light and 1 person. Add 10 per cent to 
sensible heat gain for fan heat and unknown items. 

10 . 9 . Calculate the air-conditioning load at 80 F and 50 per cent humidity 
for a jewelry store in Baltimore, Md., having 72 sq ft of south glass with inside 
Venetian blinds, 156 sq ft total glass, 45 sq ft of show-window partition, 123 sq ft 
of 12 in. brick south wall, 1440 sq ft of 4-in. tile-and-plaster partition, and 700 sq 
ft of plaster ceiling under an uninsulated 1-in. wood-plus-asphalt roof. There are 
14 occupants and 2800 watts of light. 

10.10. Calculate the load for a freezer room llXllXllft high at‘0 F if the 
temperature is 95 F, 90 F, 40 F, and 0 F respectively outside opposite each side. • 
The room is on the ground and there is a room at 90 F above. Thirteen hundred 
pounds of meat, half beef and half pork, is to be cooled from 40 to 0 F in 20 hr. 
Recommended minimum insulated construction is used throughout. The 
ground temperature is 50 F. 


CHAPTER 11 


Condensers and Evaporators 

11.1. Functions. In designing a refrigeration system, the next logical 
step after determining the cooling load is to select the proper equipment. 
The components to consider are the compressor, condenser, evaporator, 
piping, and controls. Compressors were discussed in Chapter 7. This 
chapter will deal with condensers and evaporators, both being heat 
exchangers with certain features in common. Piping and controls will 
be covered in Chapters 12 and 14. 

As the name implies, a condenser should be designed to condense 
effectively the compressed refrigerant vapor. It is in the condenser that 
the refrigerant must give up the heat absorbed in the evaporator plus the 
heat added by the compressor. Good design further provides for some 
subcooling of the liquid refrigerant before it leaves the condenser. The 
pressure of the refrigerant in the condenser is very little less than at the 
compressor discharge, where it is higher than at any other part of the sys¬ 
tem. Hence the condenser and other equipment in the system between 
the compressor discharge and the expansion valve are often referred to as 
high-side equipment. 

The evaporator is that part of the system in which the refrigerant 
evaporates or boils; it is the cooling unit, where heat is absorbed by the 
refrigerant. A small part of the liquid refrigerant flashes in passing 
through the expansion valve or other restriction used where the greatest 
pressure drop from condenser to evaporator takes place. However, most 
of the refrigerant entering the evaporator is in the liquid state, and dry 
expansion design provides for complete evaporation and for the vapor to 
leave the evaporator slightly superheated. In flooded evaporators all the 
refrigerant is not evaporated; the liquid-vapor mixture leaving the 
evaporator flows into a surge drum from which the vapor is drawn off 
into the compressor suction line and the liquid is recirculated through the 
evaporator after mixing with additonal liquid from the receiver. 

Since the refrigerant in the evaporator is at a low pressure compared 
to that in the condenser, the evaporator and the auxiliaries between the 
expansion valve and the compressor intake are often referred to as low- 
side equipment. 

11.2. Condenser Theory. As discussed in §8.16, there are two types 
of condensation, film and dropwise. 

Dropwise condensation occurs only under special conditions, as on a 
polished surface very lightly coated with a nonwetting agent. Hydro- 
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carbon oils will serve such a purpose only temporarily. More successful 
agents include oleic acid when applied to copper, brass, nickel, and chro¬ 
mium, and mercaptans (alcohol-type compounds with sulfur replacing 
the oxygen) on copper or its alloys. 1 Most evidence of dropwise conden¬ 
sation has been noted for nonmiscible vapor mixtures; steam is the only 
pure vapor reported on extensively. 

Dropwise condensation is desirable, since heat-transfer coefficients 
of four to eight times those for the film type have been obtained. These 
higher values logically should be expected because of the nature of the 
process. Droplets form and grow until they are heavy enough to run 
off and in so doing do not wet the surface. A large part of the surface 
is dry at any one time, thus allowing direct contact with the vapor and 
therefore better heat transfer than is possible with an insulating liquid 
film on the surface. 

Film-type condensation is much more common than dropwise, and 
equation 8.21 derived by Nusselt then applies. 2 This equation is con¬ 
servative if the vapor is turbulent, and test values higher than theoretical 
have been reported. If the constants given for equation 8.21 are used 
and the expression for a vertical tube is equated to that for a horizontal 
tube with the variables kept constant, the heat-transfer coefficient is the 
same for each tube position when the length of the tube is 2.87 times the 
outside diameter. Since it is practical to have condenser-tubes longer 
than this, most condensers are horizontal to take advantage of the better 
heat transfer. With a tube length 100 times the diameter, the coefficient 
for a horizontal tube would be 2.43 times that for a vertical tube. In the 
case of a bank of horizontal tubes, D should be taken as the sum of the 
diameters of the tubes in a vertical row. * 

In 1915 Wilson used an effective graphical analysis of over-all heat- 
transfer coefficient tests. 3 This method is illustrated by McAdams 4 
It utilizes the concept that the reciprocal of U is equal to the sum of the 
individual heat resistances of the vapor-side film, the wall, the dirt or scale 
deposit or other fouling effect, and the water-side film. A rectangular 
coordinate plot of the over-all resistance 1/17 against the reciprocal of the 
water velocity to the 0.8 power produces a straight line for comparable 
test data on a condenser. An equation for this line can be written in the 
form 


1 = A I 1 
U B(V) 0 -* 


( 11 . 1 ) 


1 McAdams, W. H., Heat Transmission, 2d ed. New York: McGraw-Hill Book 
Company, Inc., 1942, p. 276. 

* A derivation is presented in McAdams’ Heat Transmission , p. 260. 

•Wilson, E. E., “A Basis for Rational Design of Heat-Transfer Apparatus.” 
Transactions ASME, Vol. 37 (1915), p. 47. 

4 McAdams, W. H., op. cit., pp. 271-275. 
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The constant A is equal to the sum of the resistances of the vapor-side 
film, the wall, and the fouling effect; and B is an empirical constant. The 
resistance of the wall can be calculated, so that only the vapor-side film 
and fouling-effect values remain unknown. Making tests on clean tubes 
would leave only the vapor-side film resistance, and the difference in A 
values for clean and dirty tubes would be the apparent resistance of the 
fouling. Equation 11.1 applies for turbulent water flow; for streamline 
flow 1/F should be raised to the £ power instead of to 0.8. 

11.3. Condenser Design. There are three general types of refrigera¬ 
tion condensers: air-cooled, water-cooled, and a combination air- and 
water-cooled usually referred to as an evaporative condenser. Details 
of each of these are described in the following sections. 

The type and size of condenser selected for a given system are based 
upon the economics involved. A desirable balance of initial and operat¬ 
ing costs must be determined from the costs of power, water, condenser 
surface, and other equipment required. The size of a particular type of 
condenser chosen for a given load depends upon (1) the heat-transfer 
characteristics of the surface, of the refrigerant, and of the cooling medium; 

(2) the temperatures of the refrigerant and of the cooling mediums, and 

(3) the physical properties of the refrigerant. Allowances should be made 
for dirt and scale collection on the surfaces when laboratory heat-transfer 
test values are used in rating condensers. Capacity tables of reliable 
manufacturers allow for such items. 

When air-cooled or water-cooled condensers of under 50 tons capacity 
are used, they usually are mounted on the same base as the compressor. 
The entire assembly is then referred to as an air-cooled or a water-cooled 
condensing unit. • 

The amount of heat removed in the condenser is equal to the rate of 
refrigerant flow times the difference between the enthalpy values of the 
entering and leaving refrigerant. The amount of air or water required 
for condensing is equal to the total heat to be removed divided by the 
difference between the enthalpy values of the leaving and entering cooling 
fluid used. 

Although low condensing pressures are economically desirable, the 
leaving-refrigerant pressure must be great enough to overcome the static 
head and the resistance of the mains, fittings, and controls. Too low a 
condenser pressure can cause trouble, and therefore automatic control 
of the condenser cooling medium is desired to give satisfactory operation 
during load variations. 

11.4. Air-cooled Condensers. Air-cooled condensers are used in 
systems of the smallest capacity, up to 2 or 3 tons. A few larger units, 
up to 10 tons capacity, have been made but have proved impractical 
because of the large amount of surface required. However, condensing 
units of 1 hp and under are predominately air-cooled unless the ambient- 



air temperature is utmsiTally high Their rmun advantage;? are simplicity 

.fold low Aihe only 

is to a power source. they are used'm must^lf-ctmtained units such as 
domestic refrigerators. freezer eabunds, • display, mses,. n , «.t..«-.r coolers, and 
room Vir conditioncm. 

A typical air-cooled condensing unit isshtenon Fig, 11.1, The von- 
denser consists-of a tinned eom.inuo*is-<pte noil .with.-the eonipxesso.e 


; .;• • ' /?;■ . ’ 

Fig. 11 1 . Air-cooF'deo/'donsiiig.Mml.- < uertesy '* "urtis . 

Manufacturing <‘ti. 

discharge vapor entering at the top and lupini leaving at the bottom, from 
where it flows into the revolver located under the base. A fan mounted 
onpe eornpressi>r-motor pulley blows air ar rows the condenser coil. The 
blade-shaped flywheel spake* aid air rimilai ion across t he condenser and 
compressor. The unit shdttei belocated itn a well-ventilated <ttnd prefer¬ 
ably cool spaeo. The lower the amhieni air temperature, the less, power 
required far a given cap’itdtji : y?T : H. 

A hurmettcady '^ie^fiid edmpres? 
sbawn in Fig. 11This unit requt; 
fan, 3s.-v#* 

in order to save apace. ■ .y • 

11.5. Water-cooled Condensers 


M Tsounted above the base 


condense are used 
icy usually ifpnstiihW the most 
ecotiom.iearehtviye of qond^tiser where Ait adequate supply of clean inex¬ 
pensive ytyter of rfunimdm corrosiveness j&available t» Vgetfser with ade¬ 
quate and inexpensive menus-of'-water disposals Tlfdv am used almost, 
exclusively on large installation*' involving units of 100 hp. Tlowevtu-, 
in these eases the amount of water needed generally warrants the instaUft- 
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tiatt of a cooling tower. An exception would: 'his. aft tn^Jlation adljac^t 
to a clean river or a lake from which the water Mtuid be .pumped and then 
rHurned. .The condensers theinselvew may !*e of several.. types, 

..installed. »o\%%Ssi pipe: 

wi.»Inn a pipe or a tube within u tube'. Units lahncaiwl fron> l|-in, and 

^jngihs have been-used in many ammonia 
term*. The tube sections are placed in a horizon t&l posit ion to form « ver¬ 
tical bank, imd cither fittings or welded construction may fe Rseti The 
complete unit y&n then be mounted on the wall, occupying space that of ten 
is of' eomRafativety little valtipA A^ter tiBttally enters the bottom sec- 


Air^<taiwt hermetically seat'd, canitensung 
i 'oiifl«'.>y Copeiaiui KefrijreoU -on >. «.es* 


turns, flmvihg Upward through the inner pipe. The compressed vapor 
enters the top section flowing downward, thus providing coimterfiow. 
Several testa made on this type of <rondeuscr indicate -that the he.P- 
. transfer coefficient is a function of the water velocity and •:>} the mean 
temperature■.difference, 4, <* Values. m'bmtohftdnd for the prediction of 
actual performance arc shown in Itig 11.3. 

- Double <Mppter?jliib? K'wuif.ns'crx are used tin some Freon-12 and methyl 
eblbrulo condensing emits. A typical unit of t his type is shown in Fig. 
IL4 The receiver is .located under the l>e,*o c 

8h‘-ll~atul-coil roe used on many modern • water-cooled e.ii- 

den»ing units pf 50 lip and lexs* The eMdhftter is ttstsaliy sttspended 


* Krafts, A 'Xftih&ftijiyf-jtiimfa'RuTfrUm* 
1: If p)27), W(l92Sh ;arirj J/W UU30P 

* Stewart, F. iF.toef Holland. A. II., ‘* Double Pipe • Cooler ah«! Cmuleiisfer Tetf.v 
Ri/nyo-attng :Engi**mnt ,. Vql. 17/Na. 1 {January, 1926)* pp. 3-15. 
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under the base of the unit and also serves as the receiver. It consists of 
a welded steel shell with a continuous copper-tube coil through which the 
water circulates. The compressed refrigerant vapor is discharged into 
the shell, comes in contact with the cool coil, and condenses, and the 
liquid collects at the bottom. 



MEAN TEMPERATURE DIFFERENCE,F 

Fig. 11.3. Heat-transfer values for double-pipe con¬ 
densers (11" X 2"). From Refrigerating Data Book, 

5th ed. 1943. American Society of Refrigerating Engi¬ 
neers,^ 263. 

A shell-and-coil condenser is comparatively simple to construct. Its 
main disadvantage is that the water coil is difficult to clean. Should a 
leak develop in the coil, the shell must be opened and the entire coil 
removed in order to be repaired. A condensing unit with a shell-and-coil 
condenser is shown in Fig. 11.5. 

Shell-and-tube condensers are used on most large modem installations 
and with the smaller compressors when fouling of the water circuit is 
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possible. The rmurnfaeturingcost. greater than tor a shell-and-coil type, 
may be offset by reduced servicing costs. 

A sheli-aiuJ-tube getreraUy employed tor 

condensing steam. It consists- <>i a shell- with a tul>e ^heet securely fa#<* 

s- 


illliillil 


Fig. 11.4. Dout)k.*-tul>e wjt|('('-i'()iit1c‘usii)g umt (uur- 
tcsy Brunner Manufacturing Co. 


Fig. 1 1.3.- SfieH-aml'f-oil water-comlen^ing unit. Ojur- 

icsy t (>(»' l:ti il lO'lrigcr.-tf «>u * orn. 

tetied-to each. end. Plain tubes or mhos with small tins i<>rjpoti on them 
are insmed through the holes 'in the tuigy sheets, The ends of each tube 
jtre rolled into the tube;sheets-to-make a smooth, tight eotioect ion. Each 
tube sheet has an easily rtutioy^bje httader-type cover. which -is often 
baffled to cause t ho ■waterto flow back arid forth through the .shell several 
times. This baffling increkses^^the water velocity for a given flow and in 
turn increases the - heat-transfer coefficiem A condensing unit with'.a- 
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shell-aed-dube.eo&denxer >s shown in Fig. I.Uh and atypical large con¬ 
denser of tiiis- type is shown in Fig. 11.7. 

Coefficiently for C0nde»!»id^; Freun-l2 on rt ; plain f-in, tube and on 
integral diarubief single ttibes were 

reported 7 in 1947. Tubes mill (iU heights roughly tt Oh and {>.33 in 




-H Bhr li-.uiii-ttihc -water-«»uo*1 s» using unit 
C ourfi'hv"’t'ufK’iaHil Urtrip’r:>f ton f orp 


k*hi ouriu 


'csssss: 


wfiwotwnft"'■ ' bpjraF~ •• 

-.Vf-IJ.1. i:«:> .--- *' 

Fig. 11.7. Twi>-j.>a» dntl-afttMulif .•omlt-h-cr fJnurt*^V >Vmi1iinjjU*u Pump iiit>l 


Maeliim-ry ( 'irj> 

were uiyed .’ i'i-iie Fttl.rit$ iff TFlile l tl \vE}t those 

computed frpffi equation 8.21, applying the• eort^tant for horizontal sur¬ 
faces ; ttiUc-;- art»»' and the constant foF;-y«?rjdf?M>t -surfaces' tcs 

the exposed hn area. Experimental value* nbtuiued !<»r the water film 
coefficient on thy inside of the tubes were 1$ to Ru per cent higher ithatt 

4thifHttt\d :ii} 


those.'.ePmp.iited tf*m eiiuaftoft 8.1-1. 
part to the■.turbiden.ee oi .the entering •water and nisu the internal tuhi 


■' Katz. 1 tonal*! L.., >./<i/., •'Ouwh-.fi-U.ton i.l Fm»ii-i2 wi»h .Fime-U T'il>cs. 
rtfiry Htojiiri&riruj, Vol. 53, No. 3 cUan-S. K(47>. p ?I I 


ttHfigtr- 


244 CONDENSERS AND EVAPORATORS [§H.« 

grooves made when forming the integral fins: These rallies must, be 
modified i or multitUhe ssbfi'ienjsers beeause «1 the flow of iietuid condensed 
on the upper tubes.. A' -second publication by the same authors’, €*#yet | 
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muHitnbe condensers. 9 A sample integral Tinned tube is shown in Fig. 
11.8. However, shorter fin heights iluui shown are usually used on con¬ 
denser tubes. 



Fig. 11 . 8 . Integral-filmed tubHig. Caijrf*^; \Vf»] / yer.int‘ 

Tube !>ivision. 

11.6. Economical’ Water Rate, The lower tin- water quantity used, 
the- higher is the KOnderismg' temperature and thu greater are the {power 
costs. ,w atef utfeib the. Ibv^r will be 

the epnclensing temperature .and tt:uvsmaller the power costs. There is. 
therefor<V ah lipfimuitt^ Water ttiPv that;Will ptudurb; a niihimtim sum nf 
wafer and power costs, id: power costs $.1 per lH>r*epo\ve e-hour, if wafer 
costsiff.per NHfO gab and-if the increase m horsepower per degree F rise 
’w eoiHiwsiug < re.prr.uup- pur ton.of refriguntt ion is m, t hen the total-cost 

f From 'Knt?. Would 1„, ,-t nl. , 'Cmt<le«s;»tr»n of Freon. 12 with Finned Tubes " 
Yob 58 , Np 3 1917 ); p 2 U„ 

"KfttK.- T-ioiu»ld L. e? a)., “.Condensation of Freon-12 with Fntiwsd Tubes*;- f 
V«»l. 53. No * ; April HM7>, p ■ 3ln. 
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of power for a temperature increment td is Amtd/y, where 17 is the combined 
efficiencies of the compressor and motor. The cost of the condenser water 
per ton of refrigeration per hour is 60/f£/( 100^8.33) = 0.0072 BH/U, 
where H is the heat removed from the refrigerant per ton per minute . 10 
The total of the power and water costs are 

q _ Amt d 0.0072 BH (112) 


The minimum cost is then found by equating the first derivative with 
respect to the temperature increment equal to zero, 

dC _ Am 0,0072 BH 

dt 17 td 2 

or 0.0848 ($)'g)‘ (11.3) 

m is determined by using equation 4.14. 

The economical water rate is then 


gpm 


H 

8.33 t d 


(11.4) 


Another method of determining minimum operating costs has been 
proposed by Boehmer . 11 Figure 11.9 shows a chart presented for deter¬ 
mining the most economical condensing temperature. The minimum cost 
of operation may be determined for units of 10 to 60 hp from the equation 


C = S(U9r- - 1.0) + M(Ua + 

t c ~ o — h 


(11.5) 


where C = total operating cost, cents per hr (ton) 

E = electric rate, cents per kwhr 
r = ratio of condensing pressure to suction pressure 
M = water rate, cents per cu ft 
t e = condensing temperature, F 
t\ = entering water temperature, F. 


11.7. Evaporative Condensers. This type of condenser was devel¬ 
oped extensively in the early 1930’s to alleviate the problems arising from 
the use of numerous water-cooled condensers in small air-conditioning 
systems. In many communities the water supply and drainage facilities 


10 Macintire, H. J., Refrigerating Engineering. New York: John Wiley & Sons, 
Inc., 1940, pp. 181-182. 

11 Boehmer, A. P., “Condensing Pressures for Air Conditioning.” Heating, Pi-ping 
and Air Conditioning, Vol. 18, Nos. 9, 10 (September, October, 1946), pp. 77, 94. 
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were becoming overburdened. In some localities the high cost of water 
was a serious objection to the extensive use of air conditioning, and the 
use of a cooling tower for small installations was not practical. There¬ 
fore the evaporative condenser was designed to combine the functions 
of a condenser and a cooling tower. 

CONDENSIN* PRESSURE IN PSI SAUSE 



Fig. 11.9. Economical condensing-temperature chart. 
From Heating, Piping and Air Conditioning (Oct., 1946), by 
A. P. Boehmer. 


Figure 11.10 is a diagrammatic sketch showing how a typical unit 
functions. Air is drawn in through an opening near the bottom, flows 
upward across the refrigerant coil, through the sprays and eliminators, 
and into the fan, and is discharged at the top of the unit. The refrigerant 
condensing coil is usually of the extended surface or finned type. The 
refrigerant enters at the top of the coils and flows across and downward. 
The condensed liquid drains into the receiver, frequently located in the 
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water tank in order to subcool the liquid refrigerant further. Water from 
the tank is withdrawn by a pump mounted on the unit and is discharged 
through spray nozzles directed downward over the refrigerant coil. Since 
3 to 5 per cent of the water circulated evaporates, make-up water is 
admitted to the tank through a float-operated valve. The quantity 
needed is from 5 to 10 per cent of the water required for comparable water- 
cooled condensers. Partial evaporation increases the salt concentration 
of the water, and therefore treatment of the water and a continuous over¬ 
flow (about -fa gpm per ton) is recom¬ 
mended. Water treatment should 
also be used to reduce scale formation 
on the warm coil. Centrifugal fans 
are used except for the very small 
units. Large multiple units have been 
developed and used for capacities of 
well over 100 tons. 

Units may be located in equipment 
rooms or other indoor spaces where 
they may serve as exhaust units for 
the rooms. They are also made 
weatherproof for outside locations. 

When they are so placed, provision 
must be made for draining if subfreez¬ 
ing temperatures occur. In cool 
weather it may not be necessary to 
use any water, and the unit then 
operates as an air-cooled condenser. 

Capacities of evaporative condensers are difficult to calculate, but 
ratings of reliable manufacturers may be used. Since the entering-air 
wet-bulb temperature affects the refrigerant condensing temperature, 
the unit and the compressor used should both be selected to handle the 
design load at a wet-bulb temperature 2 to 3 deg above the design wet- 
bulb temperature. 

11.8. Cooling Towers and Spray Ponds. Cooling towers and spray 
ponds are used when water-cooled condensers are desired and water is 
scarce or expensive. Here again an economic study should be made to 
determine whether the savings in water-supply cost over a reasonable 
length of time would warrant the additional initial and maintenance costs 
of a cooling tower or similar device. Evaporative condensers are more 
economical than cooling towers for most reciprocating-compressor instal¬ 
lations up to 100 tons if the condenser can be located close to the com¬ 
pressor. Cooling towers are used, however, for larger installations, 
absorption refrigeration units, steam-jet systems, and centrifugal refrig¬ 
eration units. 
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When air is used to cool water, the rate of heat transfer depends upon 
(1) the difference between the air wet-bulb temperature and the water 
temperature, (2) the area of water surface exposed to the air, and (3) the 
relative velocity of the air and water. Secondary factors also influence 
the performance of various types of systems. The size of equipment 
required for the cooling of a given water quantity is affected by (1) the 
cooling temperature range of the water, (2) the difference between 
entering-air wet-bulb and leaving-water temperature, (3) design wet-bulb 
temperature itself, and (4) time of contact of air and water. 

Natural ponds were first used with water discharged near the shore 
and the intake water taken from the center and as far below the surface 
as possible. In order to provide a greater area of exposed water, spray 
ponds were developed. For these, nozzles are located so as to spray the 
discharge water into the air. They should break up the water into drop¬ 
lets but not into a mist, which would easily drift off. In addition to 
providing more water-surface area, the water droplets travel with greater 
velocity than the surface water on a pool, the air velocity is greater at a 
distance above the pool than at the pool surface, and a greater volume of 
air contacts the water. 

Nozzles are generally located from 5 to 7 ft above the surface, deliver¬ 
ing 20 to 60 gpm at 5 to 12 psi and spaced to deliver 0.5 to 0.7 gpm per 
square foot of pool surface. Nozzles should not be located less than 20 
ft from the edge of the pool, and even then louvered fences should be 
constructed at the edge to prevent entrained water from drifting beyond 
the pool. Potassium permanganate may be added to prevent growth of 
algae in warm weather. Ponds are located on the ground or on treated 
roofs. In many instances sufficient horizontal area is not available, and 
cooling towers are used. 

Cooling towers may be classified as atmospheric or natural draft of 
the spray type and the deck type, and as mechanical draft of the forced 
type and the induced type. 

Spray-type natural-draft towers are generally more economical for 
loads under 30,000 Btu per minute. They are from 6 to 15 ft high, 
actually constituting narrow spray ponds with a high louvered fence. 
They occupy less space than a pond and deliver from 0.6 to 1.5 gpm per 
square foot of base area. The sprayed louvers present additional exposed 
water surface. A typical atmospheric spray tower is shown in Fig. 11.11. 

Deck-type natural-draft towers are also called atmospheric towers. 
They are from 20 to 40 ft high and 10 to 20 ft wide. The length depends 
upon the capacity required. They are made of wood or metal, with open 
and staggered horizontal decks at regular intervals from top to bottom. 
The water is discharged at the top and overflows from deck to deck to a 
basin at the bottom. Wind splashboards usually extend outward and 
upward around the outside. These towers must be designed for wind 
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velocities of Sn^-half thtv average or less and located with the longest, side 
perpendicttlstr to the prevailing summer winds. 
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where K — enthalpy of dry air 
w H = humidity ratio of air 
K — enthalpy of moisture in air 
w v = weight of water per pound dry air 
h/ — enthalpy of water. 

An empirical formula sometimes used to determine the approximate 
leaving water temperature is 

. tdbl + 2 /u-bl + t A /,, 

t B = - 1 - ( 11.0 


The cooling effectiveness of a cooling tower is determined from the 
equation 

X 100 = per cent effectiveness (11.8) 

IB *ir61 

• Example 11.1. Determine the approximate leaving water temperature from 
a cooling tower if the entering water is 96 F. Atmospheric conditions are 95 F 
dry bulb and 78 F wet bulb. 

Solution: 


From equation 11.7, 


tB — 


95 + 156 + 96 
4 


87 F approx. 


The cooling effectiveness in this case would be —-— = 50 per cent, which 

is a min imum value. Good tower design would increase this to over 60 per cent. 

Example 11.2.- Determine the approximate amount of air to be handled 
and the quantity of make-up water required by a cooling tower that is to cool 
200 gpm from 96 to 87 F. Atmospheric conditions are 95 F dry bulb and 78 F 
wet bulb. Assume that the air leaves the tower 90 per cent saturated at 90 F. 

Solution: 


hai + WHihn = enthalpy of entering-air mixture and from the psychrometric 
chart = 41.55 — 0.18 = 41.37 Btu per pound. 

w* A h /A = 64u-va 

At 90 F dry bulb, 90% relative humidity, 

h a 2 Wmht? = 52.5 

and w K Bh/B = 55 w vB 

Then 41.37 + Uw wA = 52.5 + 55u> ttfl 

But w wB = w wA - (w»i - Whi ) 

= w kA - (0.0280 - 0.0168) = w vA - 0.0112 
41.37 + 6 4w uA = 52.5 + 55 w„ A - 55 X 0.0H2 
11.13 - 0.62 


Therefore 

or 


w vA = 


9 


= 1.17 lb water per lb dry air 


., . 200 X 8.33 X 14.3 onn , . 

200 gpm would require-——-= 20,300 cfm air 


1.17 
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20,300 

Evaporated water = (0.0280 — 0.0168) X - g ~ 

= 15.9 lb per min 

Make-up water = evaporated water plus some entrainment losses 

Roughly, the make-up water for cooling towers is about 1 gpm per 1000 gal 
circulated for each degree of cooling. 

11.9. Noncondensable Gases. Noncondensable gases are a mixture 
of nitrogen, oxygen, hydrogen, chlorine, and hydrocarbons. They may 
be present in the refrigerant drum used for charging the system, may be 
drawn into the system through leaks when part of the system is under a 
vacuum, may be in the system because of incomplete evacuation before 
starting, or may result from decomposition of the lubricant due to high 
discharge temperatures or from chemical reactions within the system. 
Their presence reduces the operating efficiency of the system by increasing 
the condensing pressure. They tend to form a film over parts of the 
condensing surface or to accumulate in the more quiet spaces in the con¬ 
denser, reducing the heat-transfer coefficient or rendering part of the 
surface ineffective. Increased condensing pressure requires increased 
power requirements and reduces capacity. 

The presence of noncondensable gases may be substantiated by allow¬ 
ing the condenser water to flow after shutting down the rest of the system. 
After sufficient time the refrigerant temperature should be the same as 
the water temperature. If the condenser pressure is then higher than the 
saturation pressure for the refrigerant temperature, noncondensable gases 
are present. A temperature difference of 10 F between the actual temper¬ 
ature and the saturation temperature of this condenser pressure may result 
in 20 to 25 F increase in the normal operating condenser temperature. 

Purging may eliminate most of the gases. It is recommended that 
purging connections be located where these gases might collect. On 
horizontal condensers where the vapor enters at the top center, the top 
of the extreme ends of the condenser are suggested locations for purge 
connections. Special purging devices are also available. 

11.10. Evaporator Theory. The design of an evaporator should pro¬ 
vide for both effective boiling of the refrigerant with a minimum pressure 
drop and for efficient removal of heat from the medium being cooled.’ 
Heat is transferred to the outside surface mainly by convection when fluids 
are cooled and by conduction when solids are cooled, although the radia¬ 
tion factor also becomes very significant in some cases of free convection. 
This heat is conducted through the metal and is then transferred from 
the inside surface to the boiling refrigerant. The theory of refrigerant 
evaporators is rather complicated and involved, and little information 
on the correlation between theory and test values has been published. 
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In general, a rough, easily wetted surface produces higher boiling 
coefficients than smooth, oil-covered, or hard-to-wet surfaces. The 
coefficient increases as the temperature difference increases up to a certain 
point, depending upon the fluid and the surface, and then decreases. 

The amount of heat transferred is equal to the rate of flow of the cooled 
fluid times its specific heat times its temperature drop. This amount 
is also equal to the rate of refrigerant flow times the difference between 
its leaving and entering enthalpy values. 

11.11. Evaporator Design. Various metals are used for evaporators, 
depending upon the refrigerant to be used and the evaporator application; 
but iron, steel, and copper predominate. The actual design features of 


TABLE 11.2 
Return Bend Table 13 


Size of Tubing Equiv. ft of Tubing or 

or Pipe, in. Pipe per Return Bend 


i 

t 

I 

i 

l 

il 

H 

il 


1.25 

1.50 

1.50 
1.75 
1.75 

2.50 

2.50 
3.00 
4.00 
7.00 


an evaporator depend upon the proposed location of the unit and whether 
the substance that is to be cooled directly is gaseous, liquid, or solid. In 
any event, the refrigerant either boils as it flows through a pipe, tube, or 
other type of space, sized so that liquid is continually wetting all the 
inside surface, or it boils in a shell around submerged tubes through which 
the fluid to be cooled is flowing. 

When the refrigerant flows through a tube, an increased velocity 
theoretically gives greater heat transfer; but an increased velocity also 
causes greater pressure drop, which lowers the rate of refrigerant flow. 
Hence there are economical limits to the length and the diameter of tubing 
to use for given conditions. It is recommended that refrigerant tube-type 
evaporators for a given load have individual circuits of equal pressure drop 
that approach the maximum length for the diameter used, as given in 
Table 11.2, 11.3, and 11.4. 

One of the basic equations for heat transfer is q = U A At. Applied 
to the outside surface of an evaporator, the equation becomes 


q = foA 0 {t — t.) Btu per hr (11.9) 

If the temperature t of the medium to be cooled is constant, if the outside 

13 From Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 391. 
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TABLE 11.8 

Maximum Load, Btu per Hour in Freon-12 Evaporators for Each Circuit" 


Equivalent 
Length of Pipe 
or Tube per 
Circuit, ft 



14 From Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 390. 
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are used in.refrigerators and coolers of all types except the small domestic 


Xjufill unit cooler with liquid-suction tumt 
:h4ag<*.r. Courtesy Mri^tay, ltlc. 


boxes. Whdd defrigeraat. temperatures belpw R2 F arc reuuured A some 
means of defrosting must be employed, (’oils having on!y two ho three 
fins pel* instead of those having Kev^tdCeight 

per inch.which are used when there is to be no frost formation, Where 
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surface evapomtors, or possibly, to provide so ire- ;oetUis for reducing the 
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iron-pipe gravity-coils like there shown in Figs. 1.1 and 1.5. 
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shown in Fig. IX3I, and a typical gravity Xi? with double condesw 
gate collectors is show n in Fig, Ilv22. These gravity assemblies are -used 
primarily in commercial refrigeration fixtures w here it is not feasible to 
usfi amt coolers because of space 

of objections 
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no baffles \rere ifseti r locating a 
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low the ‘.filing. However, when the 
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(6) Walk-in refrigerator, “W” is 
under 8 ft. 



Figs. 11.23, (a), (6), (c), (d). 

Suggested gravity-coil and baffle locations in 
refrigerators. Courtesy Peerless of America, Inc. 



(d) Reach-in refrigerator. 
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11,14. Plate Evaporators. The plate type of evaporator is replacing 
other types of gravity coils to a great extent: Refrigerated plates similar 
to those shown hr Fig. 11.24 are used in many home freeseo, display' si^eS, 
refrigemted truefes, beverage coolers, iCe-cream cabinets, locker plants; 


Fig li.il. Piat.f-t >•]!<.■ ovajj“i;i:Di ' tourtesy Peerless <jf Amerrcn. Jur. 

‘/ [■- 1 .y Ty jCy(b) Courtesy The Voder: Co. 






Fig i(.2.V Plate ev.!)M,rauVr< : Ui * ♦<-. 

K ourtesy KoM-Hold M/g Co. 

' 

and so on: Manidaeturera .pf plates' rRppii^ed4’-di^s|t ; :bPM-traii*fer 
coefficients varying from To to 2.5 Btu per tb.r){sq using the 

area of both aules. of the plates- When plytes or eoils aretisied &$ shelves 
with the product to bo chilled rest ir.g directly on them, the heat-transfer 
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eoefficieufc is inel*euS£d l^lo SS petcpttfc, One method of applying plates 
to a freezer unit is indicated in Fig, 1.1,25.' 

11.15. Liquid Chillers. Various types of refHgeraht evaporators are 
used for shilling liquids. The simplest eimsiWik pf suiwpergeii pipe or 
tube eoib usually placed around the Hides of a; tank. A lieat’transler 
rate in fti>?jugitutiHl water of :30 Btu per (hr)(«q ft.)(F) is -recommended 
for direct expansion coils and a rate of 40 for flooded coils. V alues of 20 
may be used for direct, expansion coils and25 for flooded coils in brine 






w 






A-4'4 


. «■ 


n 






x. 


Fig. f 1 , 2 ft Bauik 4 ol~typ>‘ litjiu’d Cooler Courtesy Y«ifc 

Cvio , York, PvrtHa. 


baths afjpvn Jfi F. .These 4^M^''tK^oewhhi.with a decrease in 

liquid tempera In re. 

SbeUuuvd-eojl coolers ami shflband-t tibe -foolers, ^erv much like the 
condensers of the same naTnc, are also used, part icukriy for chilling water 
or brine, which is then pumped to air cooling imils in various parts of a 
building. AtiidthaBc protection against freezing should feeprovided 
when water itj td bechilled to a temperature belovY-id TV. , 

Double-pipe chillers similar to condensers have Pee.u used in dairy.- 
beverage, and nil plants. Buuddot-typc cooler*similar iu Fig.^ 1.2ft are 
generally used in dairy and beverage plants, where liquids must be cooled 



264 


CONDENSERS AND EVAPORATORS 


[§11.16 


to temperatures near freezing and where the cooler must be cleaned fre¬ 
quently. The evaporator of the cooler is a vertical coil of tubing some¬ 
times covered by a stainless-steel plate formed around the coil and in 
contact with it. Sometimes the plate is stamped to form the coil itself. 
The liquid to be cooled is distributed across the top and flows down over 
the chilled surfaces. No damage is done should the liquid freeze at 
times. The refrigerant coil is usually operated flooded, and a refrigerant 
injector nozzle is often used. A special design, using concentric vertical 
cylinders with the refrigerant in one annular space and w r ater flowing down 
over both the inner and outer surfaces, has been used successfully in many 
beverage plants. One disadvantage of the Baudelot cooler is that the 



A < ROOM CONDITIONS, 0* OUTSIDE AM CONDITIONS, 

E * COIL INLET CONDITIONS, C ■ COIL EXIT CONDITIONS, 

B ■ APPARATUS DEW POINT 

A'-C'* (A 1 - B*)( I-COIL ST-PASS PAOTORl 

Fig. 11.27. Psychrometric diagram for cooling- 
coil application. 

liquid being cooled is at atmospheric pressure and is not in a closed 
system. This condition may require extra pumping equipment. 

11.16. Evaporator Selection. In the discussion of air-conditioning 
loads it was suggested that the room load be divided into sensible- and 
latent-heat totals. The ratio of the room sensible heat load to the room 
total heat load is called the room, sensible-heat ratio. This ratio is used 
to select the evaporator-coil temperature and the air quantity required. 
The air leaving the coil must be cool enough to absorb the sensible heat 
and dry enough to absorb the latent heat in the room. Ordinarily a given 
set of desired room «onditions and a fixed room sensible-heat ratio can 
be satisfied by only one temperature for a given coil. This temperature, 
called the apparatus dew-point temperature , is equal to the dew-point 
temperature of the air where the room sensible-heat-ratio line intersects 
the saturation line on a psychrometric chart. This intersection can be 
shown on a psychrometric chart, as in Fig. 11.27. Line XY represents 
the locus of possible leaving-coil conditions for the coil used. Point A 
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is at the room conditions, and A B is the line representing the room sensi¬ 
ble-heat ratio. The required leaving-coil condition is at point C where 
XY and AB intersect and is maintained by controlling the coil-refrigerant 
temperature. 

In order to obtain the desired room conditions, each pound of satu¬ 
rated supply air will pick up sensible heat equal to its specific heat times 
the difference between the room dry-bulb temperature and the apparatus 
dew-point temperature. Each pound of saturated air will also pick up 
total heat equal to the difference between the enthalpy at the room con¬ 
ditions and the enthalpy at the apparatus dew point. The ratio of the 
sensible heat to be picked up to the total heat to be picked up is also 
the room sensible-heat ratio. Expressed in equation form, 


Room sensible heat 


= room sensible-heat ratio 


Room total heat 

_ 0.24 (room dry bulb — apparatus dew point) 


/iroom 


condition 


/impp. 


dew point 


( 11 . 10 ) 


After the sensible-heat ratio has been determined, the necessary appa¬ 
ratus dew-point temperature is found by a cut-and-try procedure with 
equation 11.10 or from a table previously made from calculated values 17 
by means of equation 11.10. The cfm of air to be cooled by the coil can 
then be calculated from the equation 

__ room sensible heat 

1.08 (1 — by-pass factor) (room d.b. — apparatus dew point) 

( 11 . 11 ) 

Should equations 11.10 and 11.11 indicate an apparatus dew point 
and air quantity that for some reason are not desired or feasible, it is 
suggested that a change in the room conditions be tried, using the comfort 
zone of the effective temperature chart (Fig. 10.1). New conditions of 
about equal comfort may be found that will change the sensible and latent 
loads slightly, and, when used in equations 11.10 and 11.11 with the 
revised sensible-heat factor, will indicate a more desirable apparatus dew 
point and coil air quantity. In certain critical industrial or commercial 
applications involving product conditioning, the room conditions cannot 
be altered, and artificial sensible heat is sometimes added to the load by 
means of reheat coils in supply air ducts, electric heat sources in the 
space, and so on. Since this additional heat raises the apparatus dew 
point and the compressor suction temperature required, it may not 
increase the total power and operating costs even though the total 
refrigeration load is increased. 


17 Many engineers have used values of sigma heat content or total heat content in 
place of enthalpy values, since they have been easier to determine and the resulting 
accuracy is sufficient for all but the most special installations. 
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The coil refrigerant temperature required is selected from the rating 
tables of coil performance based on the grand total heat load, including 
the outside air load. If no by-pass factors are given, the coil manufac¬ 
turer generally furnishes other data that can be used for selecting coils. 
(The average four-row air-conditioning coil of seven fins per inch has a 
by-pass factor of 0.2.) 

Most air-conditioning applications have coils three to eight rows deep 
in the direction of air flow. In general, more rows of coil result in less 
air and higher refrigerant-temperature requirements. Also, the lower 
the room sensible-heat ratio, the greater the number of rows of coil usually 
needed to give the most economical balance of total equipment required. 

When, due to lack of reliable information on the amount of latent heat 
from the product in the space, it is not possible to obtain the sensible-heat 
ratio, the apparatus dew point or coil temperature must be based on a 
selected difference between the room temperature and coil temperature. 
Maximum values of this temperature difference and maximum room air 
velocities for various products are given in Table 11.6. * 

Gravity coils and plates are selected from manufacturers’ tables, based 
on the total room load and the desired difference of room temperature 
minus refrigerant temperature. The refrigerant temperature is selected 
at a given temperature difference below the desired room temperature. 
This temperature difference depends upon the relative humidity desired 
in the room. The higher the relative humidity wanted, the smaller the 
temperature difference should be. Relative humidity is important only 
where exposed products are to be kept in the room. The following gen¬ 
eral temperature differences between refrigerant and room dry bulb are 
recommended on the basis of experience: 


Fresh or cut meats, poultry, cheese, eggs, fresh) 
fruits, fresh vegetables, and so forth j 

Dried and smoked meats, dried fruits, dried 
vegetables, iced fish, and products in wooden 
containers 


• 15 to 20 F 

• *20 to 25 F 


Canned, bottled, or moistureproof sealed con¬ 
tainers or products 


Any temperature 
difference 


An economic balance of equipment cost and operating cost determines 
the optimum refrigerant temperature for water chillers. A low refrig¬ 
erant temperature requires less cooling surface than a high one but greater 
compressor capacity and power requirements. 

Example 11.4. Select the apparatus dew point and cfm required for the 
load shown in Fig. 10.8. 
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TABLE 11.6 

Recommended Maximum Temperature Difference and Air Velocity 
for Various Commodities with Forced Convection Cooling 18 


Commodity 

Maximum 
Temperature 
Difference, F 

Maximum Air 
Velocity, 
ft/min 

Beef (quarters) 

12 

40 

Beer (wooden kegs) 

12 

40 

Berries 

12 

40 

Butter 

12 

40 

Cheese 

12 

25 

Citrus fruits 

12 

40 

Cut meats 

12 

25 

Dried vegetables 

16 

60 

Eggs (crated) 

12 

40 

Fish (iced) 

16 

60 

Flowers (cut) 

12 

25 

Fruits: 



Dried 

16 

60 

Fresh 

12 

40 

Lamb (halves) 

12 

40 

Lard 

20 

100 

Malt 

20 

100 

Maple sugar 

20 

100 

Maple syrup 

Meats: 

20 

100 

Dried 

16 

60 

Hams (fresh) 

12 

40 

Loins (fresh) 

12 

40 

Sausage (bulk) 

12 

25 

Smoked 

16 

60 

Nuts (dried) 

16 

60 

Onions 

16 

60 

Oysters 

16 

60 

Pork (halves) 

12 

40 

Poultry (fresh) 

12 

40 

Sausages 

12 

40 

Veal (halves) 

12 

25 


18 From Refrigerating Data Book, 5th ed. New York: American Society of 
Refrigerating Engineers, 1943, p. 396. 
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Room sensible heat = 84,900 Btu per hr 
Room total heat = 92,800 Btu per hr 

Grand total heat = 105,600 Btu per hr 

Room conditions: 80 F d.b., 67 F w.b., 31.51 Btu/lb enthalpy 


Room sensible-heat ratio = 


Solution : 


Assuming 58 F apparatus dew point, 


For 59 F, 


For 60 F, 


84,900 

92,800 


- 0.92 


0.24(80 - 58) 0.24 X 22 

31.51 - 25.12 ” 6.39 

0.24(80 - 59) 0.24 X 21 

.31.51 - 25.78 ~ 5.73 

0.24(80 - 60) 0.24 X 20 

31.51 - 26.46 “ 5.05 


= 0.83 (too low) 


0.88 (too low) 


= 0.95 (too high) 


If the room conditions were changed to 80 F dry bulb, 66 F wet bulb, the 
latent heat load would be changed slightly: 

Outside air 375 cfm X 44.2 X 0.2 X 0.67 
People 25 X 180 

Gas burner 

+ 10 % 

Room latent heat 
Room sensible heat 
Room total heat 

84,900 
93,000 

375 cfm X 0.15 X 0.8 X 1.08 = 8,900 

375 X 44.2 X 0.8 X 0.67 = 5,000 

Grand total heat = 106,900 

Again trying 58 F apparatus dew point but 80 F d.b., 66 F w.b. 

0.24(80 - 58) 0.24 X 22 

30.72 - 25.12 “ 5.60 “ °' 94 

Usually it is not economical to design applications for apparatus dew points 
much above 58 F. For this particular problem a 58 F design apparatus dew 
point is recommended. This would produce room conditions of 80 F dry bulb 
and 66 to 67 wet bulb, requiring less than 106,900 Btu per hour total cooling. 

The coil-air quantity, using a four-row coil, is 

84.900 . 

(1 - 0.2) (80 - 58)1.08 500 Cfm 

One manufacturer makes a factory-assembled unit using a four-row coil of 
9 sq ft face area, which produces an air velocity of 500 fpm. This unit is a little 
smaller than those recommended for quiet applications but should be satisfactory 
for this industrial application. 


= 2,200 Btu per hr 

= 4,500 

= 700 

7,400 
700 

= 8,100 
= 84,900 

= 93,000 Btu per hr 
= 0.91 room sensible heat ratio 
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11.17. Defrosting. Various methods of removing the frost accumula¬ 
tion on evaporators are used. When the space temperature is above 32 F, 
forced-air convectors can be defrosted by letting the fan run during the 
off-cycle periods of the compressor. The normal off-cycle period, how¬ 
ever, is usually not long enough to defrost gravity convectors, and the 
compressor must be shut off manually. 

In rooms held at temperatures below freezing, some artificial means 
of defrosting must be employed. When large pipe coils or plates are used, 
particularly on installations of older design, the frost is allowed to accu- 

• AUCTION LINE 



NORMAL OPERATION - C B 0 OPEN, E.F.B B H CLOSED 
DEFROSTING A — D,E 0 0 OPEN.C.FOH CLOSED 

DEFROSTING B - C,F A H OPEN ,0,E «0 CLOSED 


Fig. 11.28. Hot-gas defrosting system. 

mulate for several weeks or months and is then scraped off manually. • 
This is a disagreeable task. In the meantime the frost tends to insulate 
the coil, resulting in inefficient operation. 

Hot-gas defrosting is used on many installations. The equipment 
then is piped and valved so that the operations of the condenser and 
evaporator can be interchanged. To defrost the regular evaporator, hot 
vapor from the compressor is discharged to it, melting the frost as the 
refrigerant condenses, and the regular condenser serves as an evaporator. 
Precautions must be taken to prevent trapping the oil and freezing the 
condenser. Figure 11.28 is a schematic diagram of a two-evaporator 
system. 

When large factory-assembled unit coolers are used, intake and dis¬ 
charge ducts with diverter dampers to a space outside the cooler can be 
added. In order to defrost, the dampers are repositioned, cutting off air 
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the cooler. 

For Utopefidtif&;Pokfap|icV*: fusing, brine spray .units serve 
very ^eV These re^catiible the evapoiative condenser, as shown 

in Fig. J ESS,; TV ypip is a refrigerant ecaporafor, however and some- 
tiroes is finned. Ji portion of the drum tank k partitioned. off ami filled 


Fig. 11.29. BHhe-«prtty unit. cooler. CoVifttay C’iirmr .: ' ' 

’ "v\‘ V. <-VrC ;>• V 

' , . 

The edh^ntVttfd salt solution Ver|[tiWginto. the main part 

tank aiifl.'t'eh'la -to; pahihtajifr fV spr$y snhitiph at a constant 

m. Sp<liV«a brineshave liiglicr freezing temperatures than 

lues.-.. QuMuro brines, shmdd not be Sipmycd if 

exposed food-products are in the epoied spare 

Aw&i&e spray rosed periodically over the coil (se< i ; diagraro, Fig. 11.30) 

is <«ropjf pkost defNisting -ittechrp&if ^dely used, 

particularly- fpir the high^t 't^iasffttUres;; •' The py^Cfa^s connection is 

• • » •, -A j '.-» ■ - - , ; i, V r r 


with salt 


suggested to prevent the drain from freezing tip. Other special defrosting 









GQN&ElSSSfei* S ANiD AP0& iVl’QRS 


mm 


n* section 


THREE WAT V*j.VE¬ 
TO SPRATS,TO OfJAlf* 
.OR Off .".y*; 


EVAPORATOR COlt: 


OKAlN PAN 


WATER 

SUPPLY 


Fig I 1,30. Water-defrosting system 


Fig. 1.1.31. Electric hchter-tMrfjist^tl uiiit; 
cooler.. i'Vurtesy BusTi Mfg V‘o 

. 

but. 

the water spray t» the simplest for many applications. 

One corqpany has introduced an atttdnmtk:’^^At4r^jtfoMi.i% device 
that, is connected to the fan motor of a unit cooler. When, because of 
additional coil resistance from frost, accumulation, the current to the fan 
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motor increases to a predetermined value, the fan is stopped, the liquid¬ 
line solenoid valve is closed, and the water solenoid valve is opened. 
After a fixed interval the water solenoid is closed, the water is allowed to 
drain, and the cooling cycle is started again. 

A unit cooler with self-contained electric resistance defrosting equip¬ 
ment is shown in Fig. 11.31. The electric elements are visible on the face 
of the unit. 

For rooms at 0 F and colder, the installation of a separate entrance 
room or space is recommended, with a gravity coil located there to keep 
the temperature about 36 F. Most of the moisture from the entering 
air will collect on this coil, thus requiring less frequent defrosting of the 
coils in the main freezer space. 
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PROBLEMS 

11 . 1 . How many feet of li- X 2-in. double-pipe condenser are necessary for 
each pound of ammonia vapor at 30 F superheat when condensing at 80 F if 
15 gpm of water entering at 70 F are available? 

11 . 2 . Determine the most economical condensing temperature for a 10-ton 
Freon-12 system at 40 F evaporator if water at 75 F is available at $1 per 1000 
cu ft and electric power costs 2.5 cents per kilowatt-hour. What would be the 
cost of operation in cents per hour? 

11 . 3 . (a) Approximately how much air would a cooling tower need to handle 
at 95 F dry bulb and 78 F wet bulb to cool 100 gpm from 100 F to 85 F? Assume 
that air leaves the tower at 95 F and 90 per cent saturated, (b) Calculate the 
rate of water evaporation. 

11 . 4 . Determine (a) room sensible-heat ratio, (b) apparatus dew-point tem¬ 
perature, and (c) cfm of air to be cooled if the coil by-pass factor is 0.2 for the 
following load figures: room sensible heat, 84,000 Btu per hour; room latent heat. 
16,000 Btu per hour; room air conditions, 78 F and 55 per cent humidity. 

11 . 6 . How many equal and parallel F-12 circuits should be used for an 
18,000 Btu per hour water-chilling unit made of f-in.-O.D. tubing? The average 
water temperature is 45 F and the coil is at 35 F. There are forty-eight 90-deg 
bends. 


CONDENSERS AND EVAPORATORS 


273 


11.6. How many feet of 1-in. gravity pipe coil are needed for a 0 F room 
if the cooling load is 3 tons and the coil temperature is — 20 F? 

11.7. Determine the dehumidified-air quantity and apparatus dew-point 
temperature required for a vegetable-storage room at 32 F and 90 per cent 
relative humidity if the room sensible-heat load is 18,700 Btu per hour and the 
total room load is 27,600 Btu per hour. The coil by-pass factor is 0.6. An 
additional 12 per cent air quantity should be provided to allow for frosting of 
the coil. 

11.8. For 80 F dry bulb and 67 wet bulb the subtotals are calculated to be * 
394,000 Btu per hour room sensible heat and 330,800 Btu per hour room latent 
heat. (In addition miscellaneous items are 15 per cent of room sensible and 10 per 
cent of room latent subtotals.) Calculate the apparatus dew point and air 
quantity for a four-row coil (by-pass factor is 0.2). If there are 1000 people, of 
whom 500 are dancing half the time and the rest remain seated (see Table 10.12), 
and the room conditions are changed to 76 F dry bulb and 66 F wet bulb (occu¬ 
pants’ sensible heat increases 20 per cent and latent heat decreases accordingly), 
determine the new apparatus dew point and dehumidified-air quantity, using an 
eight-row coil (by-pass factor is 0.0); 10,000 cfm of outside air is used. Outside 
conditions are 88 F dry bulb and 76 F wet bulb. Neglect infiltration and the 
difference in transmission gain for the two conditions. 

11.9. Experimental data for a clean condenser tube indicate the following 
U values at the turbulent water velocities shown: 833 at 7.45 ft per sec, 500 at 
3.15, 370 at 1.89, and 294 at 1.25. Tests on a used tube give 589 at 7.45, 400 at 
3.15, 334 at 2.2, and 250 at 1.25. If the tube is copper with inside and outside 
diameters of 0.902 and 1.0 in., respectively, calculate the vapor-side coefficient. 

11.10. Determine the air quantity required for a 32 F room at 90 per cent 
relative humidity if the room sensible heat is 18,700 Btu per hour and the room 
total heat is 27,600 Btu per hour. Assume 0.5 by-pass factor and add 33 per cent 
air because of frost formation on the coil. 


CHAPTER 12 


Refrigeration Piping 

12.1. Purpose. Pipe or tubing is used to convey the refrigerant from 
one unit to the next in a refrigeration system. In a simple cycle the mass 
rate of refrigerant flowing from each unit is the same, but the properties 
of the refrigerant, particularly the phase and the density, differ. There¬ 
fore, in order to use the most economical pipe, from the point of view of 
heat transfer and friction as well as pipe cost, pipe of different sizes is 
recommended for the different parts of the system. Furthermore, oil is 
carried with the refrigerant leaving a reciprocating compressor, and means 
for returning it to the crankcase must be provided. Pipe of the proper 
size aids the return of oil. This must be considered, particularly if oil 
separators are not used. The pipe must be of a material that will not 
corrode or react with the refrigerant. Fittings and types of joints should 
be selected that are economical, easy to install, and remain leakproof. 

In the selection of pipe sizes, both pressure drop and velocity must be 
considered. The pipe size should not be so small that the friction loss is 
excessive or objectionable noise is generated due to high velocity. Nei¬ 
ther should the pipe size be so large that excessive piping cost and poor oil 
return result. The ideal velocity depends on the state of the fluid, the 
quantity of refrigerant to be circulated, and the pressure drop. 

12.2. Materials. Copper tubing is generally used for Freon-11, 
Freon-12 and Freon-22. It has also been used for the other Freons, 
methyl chloride, and sulfur dioxide. There are two general classifications 
of copper tubing: (1) small-diameter dehydrated tubing and (2) so called 
“water'’ tubing classified as Types K, L, and M in ASTM Specification 
B88. 1 

The first comes in soft temper and is dehydrated at the mill. Gen¬ 
erally it is in coils of 50 to 100 ft, with the ends sealed to keep air and 
moisture out. It is acceptable for connections in and around the smaller 
sized units. The fittings and joints are usually of the flared type. The 
tube wall thickness is 0.035 in. and the most common sizes are given in 
Table 12.1. 

Types K, L, and M tubing come in both soft and hard temper. The 
soft tubing is made in coils of 30 to 60 ft in sizes to H in. O.D. All sizes 

1 Most of the information in this section is adapted from Crocker, S., Piping 
Handbook, 4th ed. New York: McGraw-Hill Book Company, Inc., 1945, Chap¬ 
ter XVI. 
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TABLE 12.1 

Small-Diameter Copper Tubing— 0.035-in. Wall Thickness* 


Outside dia., in. 

* 

A 

1 

A 

1 

A 


f 

2 

4 

Weight, lb per ft 

0.038 







0.251 



in both hard and soft temper are available in 20-ft lengths. The outside 
diameter of each type is } in. larger than the nominal or standard water- 
tube size. In refrigeration work the size is usually identified as the out¬ 
side diameter; but to avoid confusion in specifying or ordering tubing, 
it should be clearly indicated whether the size given means nominal size 
or outside diameter. Dimensions of the three types are given in Table 
12 . 2 . 

The weight of tubing to select depends upon the application. The 
ASA B9 Safety Code for Mechanical Refrigeration states that soft 
annealed copper tubing erected on the premises shall not be used in sizes 
over f in.; that Type L tubing or heavier must be used for field assembly, 
and Type M or heavier for shop assembly. 

Copper or any of its alloys must not be used with ammonia. Brass 
and other copper-alloy pipes or tubing are sometimes used with the 
other refrigerants but are generally confined to condenser or evaporator 
tubes. 

The ASA B31 Standard Code for Pressure Piping, 1942,* prohibits 
the use of aluminum-base alloys for Freon-12 and methyl chloride, of 
magnesium-base alloys for all Freons and methyl chloride, and of zinc 
for methyl chloride. Any materials may be used with carbon dioxide 
and also with sulfur dioxide, provided no moisture is present. 

The weight and bulk of seamless-steel, welded-steel, wrought-iron, 
and cast-iron pipe, and the type of fittings they require, prevent their 
widespread use with the Freon refrigerants except in sizes above 5 in.' 
These are the only materials used to any extent for ammonia, how¬ 
ever.* Dimensions of welded and seamless steel pipe are shown in 
Appendix Table A.21 for Schedule 40 (standard) and for Schedule 80 
(extra strong) thicknesses. The ASA B9 Safety Code states that for 
ferrous pipe the refrigerant working pressure shall not exceed 250 psi in 
Schedule 40 pipe; Schedule 80 pipe shall be used for sizes smaller than l£ 
in. carrying liquid refrigerant; and pipe thinner than Schedule 40 shall 
not be threaded. 


* From Crocker, S., Piping Handbook, 4th ed. New York: McGraw-Hill Book 
Company, Inc., 1945, p. 1245. 

* These codes are available from the American Standards Association, 70 East 
45th Street, New York 17, N.Y. 
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TABLE 12.2 

Dimensions of Copper Tubing 4 


Nominal 

Size, in. 

Outside 
Diameter, in. 

Wall Thickness, in. 

Type K 

Type L 

Type M 

i 

.260 

.032 

• 

.025 

.025 

j 

.375 

.032 

.030 

.025 

i 

.500 

.049 

.035 

.025 

$ 

.625 

.049 

.040 

.028 

i 

.750 

.049 

.042 

.030 

! 

.875 

.065 

.045 

.032 

l 

1.125 

.065 

.050 

.035 

H 

1.375 

.065 

.055 

.042 

11 

1.625 

.072 

.060 

.049 

2 

2.125 

.083 

.070 

.058 

21 

2.625 

.095 

.080 

.065 

3 

3.125 

.109 

.090 

.072 

31 

3.625 

.120 

.100 

.083 

4 

4.125 

.134 

.110 

.095 

5 

5.125 

.160 

.125 

.109 

6 

6.125 

.192 

.140 

.122 

8 

8.125 

.271 

.200 

.170 

10 

10.125 

.338 

.250 

.212 

12 

12.125 

.405 

.280 

.254 

! 


The strength of a pipe is determined by its thickness. 
Code requires a thickness based on the equation 



The Piping 


( 12 . 1 ) 


where x 
V 

d 

S 

c 


= minimum wall thickness, inches 

= maximum internal pressure plus allowance for brittleness 
at low temperatures (2 per cent per degree below 0 F for 
ordinary ferrous metals, none for copper), psi 
= outside pipe diameter, inches 

= allowable stress in material due to p (see Table 12.3), psi 
= allowance, in inches, for threading, mechanical strength, and 
corrosion, as follows: 


4 From American Society for Testing Materials Standard Specification for Copper 
Water Tube, Serial B88-46, Table II, A.S.T.M. Book of Standards, Part IB, Non- 
Ferrous Metals, Philadelphia, 1946. 
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Threaded pipe, under £ in. 0.05 in. 

Threaded pipe, £ in. and over. 0.065 in. 

Grooved pipe. Depth of grooves 

Plain end ferrous, under l£ in. 0.05 in. 

Plain end ferrous, 1£ in. and over. 0.065 in. 

Plain end nonferrous. 0.0 in. 


TABLE 12.3 

Allowable S Values of Stress for Refrigeration Pipe* 


Seamless Steel Grade A. 12,000 psi 

Seamless Steel Grade B. 15,000 

Lap Welded Steel.!. 9,000 

Butt Welded Steel. 6,800 

Electric Resistance Welded Steel. 10,200 

Lap Welded Wrought Iron. 8,000 

Butt Welded Wrought Iron. 6,000 

Seamless Red Brass. 4,700 

Copper. 4,000 


Ordinary ferrous metals are not to be used below — 60 F, and other 
materials must meet special tests. Steels of 3 to 4 per cent nickel are 
generally acceptable for quite low temperatures, and 18 per cent chrome, 
8 per cent nickel steels are satisfactory for very low temperatures. 6 

In order to comply with ASA Codes B31-1 and B9, the minimum 
design pressure should be two-thirds of the test pressure given in Table 
12.4. These codes specify: 

(a) Every refrigerant containing part of every system shall be tested and 
proved tight by the manufacturer at not less than test pressures in Table 12.4. 

(b) Every refrigerant-containing part of every system that is erected on the 
premises, except compressors, safety devices, pressure gauges and control mecha¬ 
nisms, that are factory tested, shall be tested and proved tight after complete 
installation and before operation at not less than test pressures in Table 12.4. 

(c) No oxygen or any combustible gas or mixture shall be used for testing. 
[Carbon dioxide or other dry inert gas should be used.] 

12.3. Joints and Fittings. Flanged, screwed, soldered (sweated 
capillary) or flared compression-type joints may be used with nonferrous 
piping. Flanged, screwed, or welded-type joints are used for ferrous pipe. 

Welding has been gaining universal acceptance and is displacing the 
use of flanged and screwed fittings. Butt-welding fittings are used for 
nominal sizes of 2 in. and larger; socket-welding fittings are used for sizes 
under 2 in. Rules and procedures are given in the Piping Code., 


‘From American Standard Code for Pressure Piping, ASA B31.1. New Yorkr 
American Society of Mechanical Engineers, 1942, Table 42. 

‘Joint ASME-ASTM Research Committee on the Effect of Temperatures on the 
Properties of Metals, Impact Resistance and Tensile Properties of Metals at Sub- 
atmospheric Temperatures. American Society for Testing Materials, August, 1941. 
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TABLE 12.4 
Test Pressures 7 


Refrigerant 

Chemical 

Minimum Test 
Pressure, psi 

Formula 

High- 

Pressure 

Side 

Low- 

Pressure 

Side 

1 

Ammonia. 

NH, 

300 

150 

Butane. 

C 4 H 10 * 

90 

50 

Carbon dioxide . 

CO, 

1500 

1000 

Freon-12. 

CCljFi 

235 

145 

Freon-114. 

C S C1.F« 

80 

50 

Carrene No. 1 . 

CHjClj 

CHCljF 

30 

30 

Freon-21. 

70 

50 

Dichloroethylene. 

C 2 H,C1, 

30 

30 

Ethane . 

CjH» 

1100 

600 

Ethyl chloride. 

CjH 6 C1 

60 

50 

Isobutane . 

(CHj)jCH 

CHiCl 

130 

75 

Methyl chloride. 

215 

125 

Methyl formate. 

HCOOCHi 

50 

50 

Propane. 

CjHa 

325 

210 

Sulfur dioxide. 

so. 

170 

1 

95 

Freon-11. 

cci,F 

50 

30 

Others! Use sat. pressure at. 

150 F 

115 F 




Screwed joints, including screwed-on flanges, are limited to not over 
3 in. nominal size for pressures up to 250 psi, not over l£ in. for pressures 
above 250 psi, and not over 4 in. for brine. Extra-heavy fittings are 
required for copper and brass. Exposed threads should be tinned or 
otherwise coated to prevent corrosion. 

Flanged joints have been used for pipe of all sizes. Standards have 
been proposed but have not been agreed upon by the manufacturers, so 
that variations in dimensions are found. The most recent development 
of a standard for ammonia flanged fittings has been dropped because of 
the decreased use of ammonia and the increased use of welding for steel 
pipe. The Piping Code specifies that for refrigeration, flange faces shall 
be of the retained gasket type, and manufacturers’ standards are of the 
tongue-and-groove type. 

Flared compression fittings are allowed only for annealed or soft cop¬ 
per tubing not over £ in. O.D., with the additional condition that all 
joints be visible for inspection. This type of joint is easily and quickly 
made and is used extensively in domestic and commercial refrigeration 


7 From American Standard Code for Pressure Piping, ASA B31.1. New York: 
American Society of Mechanical Engineers, 1942, Table 41. 
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installations. The fitt ings are of forged brass and are made m accordance 
with-SiVE Standards. 

When ari^ copper tubihg Over f in. Iss used on ud insifiliation>. aU the 
joints are usually soldered. Ward-temper tubing is used to make a neat 
appearance Fittings of iwsjt.;. red brass or din-pressed, av rough t- or 
extended bra;* or copper may be used, but wrought copper is preferred 


Fig. 12-.1. Four Steps ir» Making » Solder Joint: (al t%jh«ng both tnhe and 
fitting, tbt Applying tliix to tuln' iusd fitting (<•) Tinning tube ami fitting (a; 
Heating and adding Bolder .to fill joint; Courtesy Crane C«,; . \ '• - ; 

■’ 'Is ..." ’’ ’V .'i 1 yiKi .'./y,'.rV.v■y';■ /:' /Vv ',v 
The joints are a soekeWfeeve or sweated capillary type with a clearance, 
caused by a diameter difference, of from- $.0Q2 ; io'f).'00fi in. It is very 
-important that both surfaces he efean and pofitdi^d iiJh^ tbat, a good flux 
biSt-Ai^grt. The jointsatfc theft phi in place,.well heated with a tpr^H, itnd 
ilid kblder applied. The solder flowsby eapiltury action owr t he surfaces, 
bonding them together. Figure 12.1 shows the four steps reeoniMemk-u 
for soldering stainless -Urf t Ubcs. * These steps apply eouafly to Soldering 
copper tubing. $i^ft suhh'irs^ St'h§t>Iip and lead or the betterIPbh fin ami 
- - 1 . • 

*5Seabj(k>ra, tifuf lt.^'‘Welifing A&jr Steel Fipiilfp'* Hfating, Piping arid Air 
fr&ririttivniHfi, Vai. IS, No. 12 (Decemher, 1948), p.- 79. 
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lead or tin and antimony with melting points under 450 F, and hard 
solders, silver alloys with melting points over 1000 F, are used. Most 
shop joints are silver-soldered or brazed. The Piping Code specifies hard 
or silver solder on tubing over f in. O.D. or if over 20 lb of refrigerant is 
in the system. 

12.4. Supports and Expansion. The pipe connecting the units must 
be supported securely to minimize vibrations and stresses on the joints. 
Metal hangers, brackets, straps, or clamps are usually used. These 
supports should be at intervals not over 40 times the outside pipe diameter 
and should not restrain thermal expansion and contraction or cause exces¬ 
sive stresses at critical points. Codes require metal sleeves on pipe 
passing through any building structure material. 

Although slip-type expansion joints are prohibited for refrigerant 
piping, a refrigerating system must still be designed so that undue stresses 
from temperature change are not created. Flexibility is usually obtained 
by bends or offsets or by installing at least three elbows, even in the 
shortest lines, when hard-temper tubing or rigid pipe is used. Copper 
and brass expand about 50 per cent more than steel or iron, but the tem¬ 
perature differences encountered in refrigeration are usually not so great 
as those in steam piping. 

12.6. Friction. The pressure drop or friction in straight pipe can be 
calculated as explained in Chapter 8. Fittings also cause pressure drop. 
For handling water or similar liquids, the resistance of each fitting is 
expressed in an equivalent number of elbows having the same pressure 
drop. The resistance of an elbow is approximately equal to that for a 
pipe of the same size having a length 25 times the diameter. More 
accurate data is given in the Piping Handbook. 9 In handling refrigerants, 
the resistance of all fittings is usually expressed as that of an equivalent 
length of the same size pipe. Values for fittings of standard-weight pipe 
and of Type L copper tubing are given in Appendix Table A.22. The 
actual pipe length is added to the total equivalent length of all the fittings 
in the line to obtain the total equivalent length, which is then used to 
determine the total pressure drop for the line. 

Elbows with a radius of curvature from 2 to 4 times the pipe diameter 
have a minimum pressure drop. Radii of 4 to 6 diameters are very little 
better than radii of 1.5 to 2 diameters. In the longer radius elbows the 
disturbance is less but occurs through a longer length. 

12.6. Sudden Velocity Changes. A sudden change in the cross- 
sectional area across which a fluid is flowing causes a change in velocity 
accompanied by a loss in available pressure. The energy losses when the 
velocity decreases are generally greater than when it increases. The loss 
due to a sudden expansion is 


* Crocker, S., op. cit., pp. 95-102. 



REFRIGERATION PI PING 


where subscripts i and 2 refer A* t he .-mull and large cr<bs^.u.feha$ arux-v 
respect ively. fed;? ' , ' v * r 

Tilt* Iums flpn to a sudden contract ion is about 0.7 of t he loss for a .sud¬ 
den fespah : ft citul be ga 1 cu iatetf frrrtn the proposed formula 10 


12 . 7 . Liquid Lines. The fferfei’mnt flowing from the condenser to 
the,expansion valve is normally all in the liquid slaf*-. and it is desirable 


ffeurhitiy Superior Valve A: Fiitmcs t 


Fig. 12.2. Eiqtud-stK-tJou heat ejudumger. 

that it be slightly subcooled When a separate receiver and condeiiKer 
are used, two hues u re haytdved fft sneh tfev receiver is tumidly 

close to the condenser, and tlfe Shfe t interconiiceting lint? is installed at 
the factory on the modern equipment, liven on systems whose cornier,.scr 
and receiver are assembled in ..the field, tho. connect mg pipe is out vers 
"long, fa any event, it shookl he ’fe ample siae and. sloped down, toward 
the receiver from the bottom.- of the condenser to' prevent its Ijeeonmig 
gafebound/ A velocity under 120 t'pm as jvepminended. 

The line h orn flu? recover to the expansion valve is l»ost designed for 
a pressure drop of ;uit4^ : ^ : 'pt?hp/?i as the mayiftiupi Co fe yon- 
aulered. A, yfelo^ty'-'h^twyeit |Q& and 250 fpm fe rocfeumeUdetl. The 
pressure drop shottld Trof be .so;.great that the reduction in refrigerant 
pressure can cause vaporization ahead of the expansion valve: Iff course 
a lost} in static? htrad at jfeffesure^tide to tlo? •evaporaioir Ifeing at « h]jShfy 
elevation- than the condense? and receiver, also can cans?* Vn|W,ny.;.«tfefe 

Wl »en there fe of »pmh df i he 1 i i feitf tytll 

occur ahead of the expaffeou vdfe'meows, for cool jpg the liquid should 


f e fererker, S 
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be provided. On some installations the suction line from the evaporator 
is made larger than for normal design and the liquid line is run inside it. 
On other installations a special liquid-suction heat exchanger such as 
shown in Figs. 12.2 and 11.18 is used. These devices help keep the liquid¬ 
line refrigerant subcooled and the suction-line vapor superheated, both 
desirable procedures. The magnitude of the drop in liquid-line pressure 
for each foot of static liquid head is not always appreciated. Approx¬ 
imate values are as follows: 

Ammonia. 

Carbon dioxide. 

Sulfur dioxide.. 

Methyl chloride 

Freon-11. 

Freon-12. 

Freon-21. 

Freon-22. 


0.26 psi per ft 
0.33 
0.60 
0.40 
0.64 
0.57 
0.60 
0.51 


Keeping the liquid-line pressure drop small makes available a higher 
pressure at the entrance to the expansion valve, which in return increases 
the capacity of the valve. 

Test results on pressure drop of liquid Freon-12 and of methyl chloride 
have been reported and compared favorably with calculated values, 
assuming 0, 5, and 10 per cent mixtures of oils having various viscosities. 11 
The calculations indicate, for example, that in a f-in.-O.D., 90 F Freon-12 
line for 10 tons, 5 per cent of 500 Saybolt oil increases the pressure drop 
from 7 psi for pure Freon-12 to 16 psi per 100 ft. With 10 per cent oil 
the pressure drop is 24 psi per 100 ft. For the same conditions the effect 
of temperature with 5 per cent oil is indicated by the following values of 
pressure drop: 15 psi at 80 F, 16 psi at 90 F, and 18 psi at 100 F, all per 
100 ft of pipe. 

If the receiver is above the evaporator, a vertical loop should be 
installed 6 ft up, directly after leaving the receiver, to prevent liquid from 
siphoning into the evaporator through leaking valves during shutdown. 
Liquid-line solenoid valves are also recommended. 

12.8. Suction Lines. More careful consideration must be taken in 
designing and sizing the vapor refrigerant line from the evaporator to the 
compressor than for the other lines. As previously pointed out, a reduc¬ 
tion in suction pressure at the compressor, with other factors held con¬ 
stant, means an appreciable reduction in capacity and more power input 
per ton of refrigeration. Therefore, the pressure drop in the suction line 
should be a minimum so that the suction pressure at the compressor will 
be as near the required suction pressure at the evaporator as is practical. 

11 Gygax, E. and Willson, K. S., “Pressure Drop in Refrigerant Liquid Lines.” 
Refrigeration Engineering, Vol. 39, No. 2 (February, 1940), pp. 103-106. 
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Comparatively high velocities, 500 to 5000 fpm, may be used. The 
optimum value depends upon the refrigerant and the operating pressure 
range and usually is between 1000 to 2000 fpm for the Freons. When 
the Freons or methyl chloride are used, the return of oil to the compressor 
must be considered. For these refrigerants, even at light loads, the 
minimum velocity shall be 500 fpm for horizontal runs and 1000 fpm for 
vertical runs. Too high a velocity, however, creates noise problems so 
that the maximum desirable velocity for a heavy vapor like carbon dioxide 
is about 1300 fpm. It is recommended that the suction line on the ordi¬ 
nary installation be designed for a total pressure drop of about 1 to 2 psi 
if the velocity can be kept within the limits specified. 

Since the properties of a refrigerant vapor change appreciably with 
a change in pressure and temperature, the suction line must be designed 
for the proper operating conditions. Table 12.5 shows the approximate 


TABLE 12.5 

Approximate Suction-line Capacity Factors for Equal Pressure Drop of 

Freon-12 1 * 


Saturated suction temperature 

50 

40 

30 


10 

0 


-20 

Factor 



0.92 





0.56 


comparative capacities that can be carried with the same pressure drop 
in a given suction pipe at various saturation temperatures. 

Figure 12.3 shows recommended methods of installing the liquid and 
suction lines when the evaporator is (a) above the compressor, (b) on the 
same level, and (c) below the compressor. Figure 12.4 shows suction 
piping for multiple evaporators (a) above one another and connected to 
a compressor above them, (b) above one another and connected to a 
compressor below them, and (c) all on the same level. Trapping the evap¬ 
orator helps prevent liquid slugs from reaching the compressor. In 
multiple evaporators it also prevents possible liquid and oil slopover of 
one evaporator from affecting the operation of the thermostatic expansion 
valve’s thermal bulb on another evaporator. The thermal bulb should 
be installed near the top of a horizontal section of the suction line on the 
coil side of any possible oil trap. 

Results of tests to determine the pressure drop in Freon-12 and methyl 
chloride suction lines, u were found to check against calculations using 


11 Determined from values in Tabic 5, ACRMA Equipment Standard 520. Wash¬ 
ington, D.C.: Air Conditioning and Refrigerating Machinery Association, 1946. 

w Gygax, E., Willson, K. S., and Clark, G. H., “Pressure Drop in Suction Lines.” 
Refrigeration Service Engineer , December, 1938. 
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equation 8.3 with values of the friction factor/ taken from a curve plotted 
in terms of a slightly modified Reynolds number. 

12.9. Discharge Lines. Discharge lines, sometimes called hot gas 
lines, refer to refrigerant connections between the compressor and the 



Fig. 12.3. Suction and liquid-line piping. 


condenser. Air-cooled, most water-cooled, and some evaporative-cooled 
condensing units are factory-assembled as a complete self-contained unit 
including motor, compressor, and condenser. The discharge line is then 
a part of the assembly, designed and installed by the manufacturer. 
When a separate or remote condenser is used, the discharge line is installed 
on the job. 

As in suction-line design, an increase in pressure drop in the discharge 
line means that the compressor must operate between a greater pressure 
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differential and will require more horsepower per ton of refrigeration. 
However, the effect per unit of pressure increase at the discharge of a 
compressor is not so great as the same unit of pressure decrease at the 
suction of the compressor. The actual comparison may be illustrated 


TO 

COMP. 




to 

COMP. 


(bj EVAPOWATOPt A MOV! OOMPjUMOP 
AMO tUOTIOM AT fOTTOM OP COILO 



TO 

COMP. 


(cl tVAPOMATOMS AMO COMPMEMOM OH SAMI LIVIL AMO OUOTIOM 
AT MIOOte OP COILO 


Fig. 12.4. Multiple-evaporator suction-line piping. 


by plotting the published ratings of a Freon-12 refrigeration compressor 
as shown in Fig. 12.5. The ratings for a machine operating ^t a constant 
speed indicate that the capacity at constant condensing or discharge 
varies much more per psi change in suction pressure than the capacity 
at constant suction pressure varies per unit change in discharge pressure. 
The difference in the horsepower per ton variation with psi pressure 
change, though not so great, still indicates that a change in suction pres¬ 
sure has more effect than a change in discharge pressure for the range 
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shown. This fact further emphasizes the importance of proper suction¬ 
line sizing as stressed in the preceding section. 

The velocity range in discharge lines is 1000 to 6000 fpm, excdfcrt for 
carbon dioxide, where noise limits the maximum to about 1300 fpm. A 
pressure drop of 2 to 4 psi is recommended for the discharge line. 

FREON COMPRESSOR OPERATION 
AT CONSTANT SPEED 



SUCTION PRES. PSI6 0 


10 


20 


30 


40 


SO 


Fig. 12.5. Effect of compressor discharge and suction pressure vari¬ 
ations on capacity. 


If the condenser must be above the compressor or in a space at a tem¬ 
perature higher than that occupied by the compressor, a vertical “U”loop 
should be installed directly after the pipe leaves the compressor and before 
it rises. If the condenser inlet is at the bottom, a loop must be made up 
to the top of the condenser before the line enters it. These precautions 
prevent liquid from draining into the compressor during shutdown. 

12.10. Pipe-Size Selection. Refrigerant lines of proper size should 
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be used instead of pipe or tubing arbitrarily selected to match the 
connecting fittings furnished with the various pieces of equipment. 
Appendix Tables A.23 through A.26 give pressure-drop data for the com¬ 
monly used refrigerants. * In general, line sizes for Freon-22 are smaller 
than for Freon-12 and larger than for methyl chloride. Ammonia lines 
are smaller than those for other commonly used refrigerants. 

Example 12.1. Determine (a) the sizes of Type L copper tubing to use for 
a 10-ton Freon-12 system operating at 110 F condensing and 40 F suction tem¬ 
peratures for the liquid, suction, and discharge lines and having the lengths and 
fittings indicated, and (b) the same but at 90 F condensing and 0 F suction. 

Discharge Line Liquid Line Suction Line 

20 ft 20 ft 20 ft 

4 elbows 4 elbows 4 elbows 


Solution: 

(a) From Appendix Tables A.25 and A.26, lf-in.-O.D. discharge, -J-in.-O.D. 
liquid, and lf-in.-O.D. suction appear satisfactory. By Table A.22 the equiva¬ 
lent length of elbows would then be 16 ft for the discharge, 8 ft for the liquid, 
and 16 ft for the suction line. 

With 10 degrees subcooling and with saturated vapor leaving the evaporator, 
the rate of refrigerant flow is 


10 X 


200 

82.71 - 31.16 


2000 

51.55 


38.8 lb per min 


At 40 F evaporator the pressure drop for the suction line is 


4.1 psi X 


36' 

100 ' 


1.48 psi for 36 ft 


The pressure drop increases about as the square of the rate of flow. Con¬ 
verting from the 10.5 ton capacity given in Table A.25 for 3 psi drop, the pressure 
drop in the liquid line will be 

("nrl) x 3 psi x i^5 = 0 76 psi for 28 ft 

(b) At 90 F condensing and 0 F suction the discharge line should be 2^ 
in. O.D. and the liquid line i in. O.D. By Table 12.5, the tonnage load to use for 
suction-line sizing would be 10 - 5 - 0.74 = 13.5 tons. According to the suction¬ 
line table, A.26, a 2-y-in.-O.D. line is required. Thus, larger suction and dis¬ 
charge lines should be used for these conditions than for those in (a). 

12.11. Moisture Removal. Although most refrigerating equipment 
and tubing is dehydrated at the factory and shipped with the connections 
plugged, capped, or sealed, some air and moisture enters the system during 
installation. It is very important that all the moisture be removed from 
thq system no matter what the operating temperatures are to be. This 
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precaution is particularly to be observed if the evaporator is to operate 
at a temperature below 32 F, where freezing at the expansion valve would 
restrict or stop the refrigerant flow. The majority of compressor seal 
failures have been attributed to the presence of hioisture. Air and moist¬ 
ure in a Freon or methyl chloride system cause a hydrolysis, resulting in 
corrosion of steel parts and copper plating of seals and pistons. 

After the equipment is installed, the piping completed, and the system 
purged and tested for leaks, it is recommended that a good high-vacuum 
pump be connected into the system and the entire refrigerant circuit 
evacuated. Care should be taken to note that all valves in the circuit 
are open. Not only air is drawn out by this process; any liquid water 
present vaporizes and is drawn out if sufficient time is allowed. When a 
high vacuum, 0.2 in. Hg or lower absolute pressure, has been attained, the 
pump may be shut off and the connection to it closed. The low pressure 
should be retained in the system. If it is not, some liquid is still vapor¬ 
izing or there are leaks in the system. This procedure should be repeated 
or corrections made until a vacuum can be held. Additional details of 
the procedure may be found in service manuals. 

Many contractors have relied upon the insertion of chemical driers, 
installed after purging the system, to remove the remaining moisture and 
have not used vacuum pumps. This procedure is not recommended for 
systems of over 3 hp. When the evaporator temperature is to be below' 
32 F, a drier is sometimes installed even after a vacuum pump is used. 

Driers are usually copper cylinders fitted w ith tubing connections at 
each end. The recompiended desiccant charge is silica gel or activated 
alumina. The drier must be kept airtight until installed; otherwise the 
chemical w r ill absorb moisture from the atmosphere and will soon become 
saturated and ineffective. Typical dehydrators are shown in Fig. 12.6. 
Screens surround the tubing connections. The desiccant can be replaced 
through the plugged top opening in the drier in Fig. 12.6a and through 
the bolted cap on the end of the drier in Figure 12.66. 

12.12. Water Piping. Water is often needed in part of a refrigerating 
system. In most installations it serves as the cooling medium for the 
condenser. In some it is also chilled and pumped to the cooling coils. 
When used for condensing, water is piped from city mains, from w'ells, 
from a reservoir, to and from a cooling tow er, or through an evaporative- 
condenser spray circuit. When the system is closed and relatively simple, 
which is usually the case, a water velocity from 3 to 10 fps proves most 
economical. When the allowable pressure drop is limited, the piping 
must be designed accordingly. 

Iron pipe is usually used, and the w ater friction chart in the Appendix, 
Fig. A.4, may be applied. For pump systems it is recommended that 
the pipe be sized for a pressure drop under 2 psi per 100 ft. and at a veloc¬ 
ity under 6 fps. When water is taken from city mains, the piping should 
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designed so that the pressure drop h no! great enough to cause too 
small a flow: during periods djf 

12.13, Brine Piping. Whena bririedft^ehilfed aod serves a« tbe cooling 
medium, it must be pumped through a pipe system.. Since the density 


jog. 12;)}, Hr-inseoiot-linr' <tcljydmtor$. 


in) i ourtrny , Auuirnatic Products O 


($f. {'mrtfay Hoiiry Vftlvo :t\} 


ofv brine is greater t hart Unit of woter ; f he frief imaat resistance is greater; 
The iisjud procedure in sizing Urine pipe is tp nse brine friction i^uitipdiers 
yith outer frio ton charts or i m ibw Figures A,f> and A.ft in the Appendix 
gi' v '. suggeste«..i brine niiilf jpliers to he us<xi. The most economical brine 
velocity is betn'e’en,4and 7 ftwv .;; V- ' • 

■: ExJiMf’tfi 12.3 


What size, pipe should be rceoinnichdci i for handOng 30 gpm 
yf (a) ivatei arid (ft) 10 F calcium -.chloride brine aith a sped fie gravity of 1.20? 
F»cft wiil how in a 50-ft ime having J valve and 'ft hiltows. ATbat would 

he the approximate pressure drup? : .V 

.ftoiAmoN : 

(at From Fig.- A.4 iti the Aripendix a in. pipe imlinstes a pressure drop 
of 3.8 pd pet 100 ft. Tcp ftiApiwd'Khw Table A.22 a. globe valveequals +2 equiva- 
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lent feet and an elbow 4 equivalent feet. Therefore the equivalent length is 

50 + 42 + 6 X 4 = 116 ft 

For water the pressure drop would be 3.8 X = 4.41 psi 
(b) For the brine, from Fig. A.6, the multiplier is 1.44. The pressure drop 
then would be 

1.44 X 3.8 X HI = 6.35 psi 


12.14. Pumps. Since most water or brine systems in refrigeration 
work are not too complicated, the proper selection of a pump is not diffi¬ 
cult. When a pump is ordered, the gpm and head must be specified. 
The gpm is determined when selecting or designing the equipment in the 
system. The head is determined by first computing the total equivalent 
length of pipe and fittings and multiplying by the friction loss per unit 
length. To this, for an open system, must be added the vertical lift. 
For a closed system, provision or allowance must be made for originally 
filling the system, including air elimination and elevating the liquid in a 
vertical system. 

The power required to drive a pump may be computed from the 
equation 

, gpm X ft head X sp gr X 8.33 , 10 

hp -, X 33,000 - (12 ' 4) 

Example 12.3. What pump power would be required in Example 12.2 if 
the pump efficiency is 60 per cent and there is a vertical lift of 10 ft? 


Solution : 


(a) for water: hp = 


30 X (4.41 X 2.3 + 10) X 1 X 8.33 


0.60 X 33,000 


= 0.254 hp 


(b) for the brine: hp = 


30 X (6.35 X 2.3 + 10) X 1.20 X 8.33 
0.60 X 33,000 


= 0.373 hp 


12.15. Accessories. Valves of various types and strainers and sight 
glasses are installed in refrigerant lines. Expansion valves, solenoid 
valves, and pressure regulating valves are explained in Chapter 14. All 
these accessories usually are made with sweat-type solder connections 
for use in copper-tubing lines or with threaded connections for use in 
steel or other threaded pipe lines. If these solder connections are lacking, 
adapters (screwed to soldered fittings) must be used. During installation 
of thermal expansion valves or other fluid-operated valves, the assembly 
containing the fluid should be removed to prevent possible damage from 
overheating with the torch. 

The use of hand shutoff valves should be kept at a minimum since 
they increase the possible sources of leaks. They are used with multiple 
units or dual piping where it is necessary to close off part of the system 
occasionally. Both packed and packless valves are available. Many 
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valve stem. Typical vaiv»> are shown in Figs. 12.7 to 12.i3 






JK 

reffi^orant-Une valve 
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consist of a bellows-type section of copper-alloy tubing covered with 
woven copper wire, as shown in Fig. 12.15. 
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PROBLEMS 

4 

12.1. Calculate the difference in pressure between the bottom and top of an 
F-12 liquid line 20 ft high at 70 F. 

12 . 2 . What size liquid, suction, and discharge lines would you recommend 
for a 100 ton load at 110 F condensing and 33 F suction temperatures if each is 
50 ft long? Refrigerant is Freon-12. 

12.3. What size lines should be used for a 20 ton load at 90 F condensing 
and —20 F suction (a) for F.12? (b) for ammonia, if each is 20 ft long? 

12.4. A i -in.-O.D. liquid line carries F-12, which is subcooled 10 F and is at 
70 F, for 30 ft with 4 elbows and 1 globe-type valve in the line. Define the 
state of the refrigerant by stating how much subcooling or what per cent vapor 
would be in the line at the end of 30 ft when the end is 15 ft above the starting 
point. Capacity of system is 10.5 tons. 

12.5. (a) What size pipe would you recommend for 20 gpm of sodium chloride 
brine (specific gravity 1.10) flowing for 100 ft with 8 elbows and one angle valve? 
(b) What would the pressure drop be? (c) What hp motor would be required 
if both the pump and motor are 50 per cent efficient? Brine is at 20 F. 

12.6. (a) Calculate the pressure drop when liquid F-12 at 70 F flows from 
a |-in.-O.D. pipe into a 2£-in.-O.D. pipe, if the velocity in the smaller pipe is 
1.0 fps. (b) Calculate the pressure loss on reentering a £-in. pipe from the 
2^-in. tube. 
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12.7. Determine the discharge-, liquid-, and suction-line sizes for a 15-ton 
methyl chloride system with a 20 F evaporator and 86 F condenser, if the equiva¬ 
lent length of each line is 30 ft. Could F-12 at the same conditions be used in 
these lines? Compare values. 

12.8. What size chilled-water pipe would you recommend to carry 60 gpm 
in a closed system, if there are 80 ft of pipe, 8 elbows, 2 globe valves, a coil, a 
chiller, and a pump? The resistance of the coil and chiller totals 20 ft of water. 

12.9. What size water condenser pipe should be used if the minimum city 
pressure is 30 psi? The pipe is 90 ft long with 9 elbows and 1 globe valve. The 
resistance of the water regulator and condenser for the 15 gpm required is 20 psi. 

12.10. How much water will flow through a 1-in. steel pipe 100 ft long with 
10 elbows and 3 globe valves, if there is a 10-ft lift and 20 psi pressure is available 
at the start? 



PART IV 


Advanced Refrigeration Topics 



CHAPTER 13 


Multiple Evaporator and Compressor Systems 

13.1. Applications. In many refrigeration installations different 
temperatures are required at various points in the plant. This is true 
in various industrial plants and in hotels, institutions, large restaurants, 
and food markets where food products of all kinds are received in large 
quantities and stored at different temperatures. For example, the differ¬ 
ent rooms in an establishment requiring the storage of fresh fruits, fresh 
vegetables, fresh-cut meats, frozen products, dairy products, canned 
goods, bottled goods, and ice cannot all be maintained at the same tem¬ 
perature and humidity. Water chillers, display cases, or other cooling 
equipment might also be included. 

Generally each location is cooled by its own evaporator in order to 
obtain more satisfactory control and for economy of initial and operating 
costs. However, the answers are not so evident to the questions of 
whether one compressor should serve all evaporators, whether each evap¬ 
orator should have a separate compressor, or whether an intermediate 
number of compressors should be used. Initial costs, operating costs, 
and space requirements must be considered. Comparative initial cost 
estimates can be obtained from equipment and installation estimates for 
the system under consideration. The theoretical power requirements 
necessary for an analysis of probable operating costs will be determined 
for several different combinations in the following sections. 

Each classification of system will be analyzed for the same temperature 
and cooling-load requirements of a given plant. There would be varia¬ 
tions in the comparative values for other temperatures or other loads, but 
the relative effectiveness of each system can be seen. It must be kept 
in mind that the following are theoretical analyses. Corrections for 
throttling at the valves, cylinder heat losses, the actual compression 
process, leakage, and other factors must be considered when dealing with 
actual equipment installations. In many cases, however, the theoretical 
comparison may be sufficient. 

For comparative purposes assume that a plant is to use Freon-12 
refrigerant for loads of 10 tons at 44 F evaporator temperature, 30 tons 
at 34 F, and 20 tons at 24 F; the condenser pressure is 139 psiaj.the liquid 
is subcooled 20 F; and the vapor leaves each evaporator dry-saturated. 
Isentropic compression will be assumed throughout. A pressure-enthalpy 
diagram for each system as well as a schematic piping diagram is included 
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with each analysis. Similar analyses for ammonia cycles are given in 
the Refrigerating Data Book. 1 

13.2. One-Compressor Systems. Three methods of using one com¬ 
pressor for three evaporators will be considered. 

All evaporators operating at the same temperature constitute one method 
of operation. However, this arrangement is not practical if food products 



Fig. 13.1. All evaporators at same temperature. 

or other hygroscopic materials are to be exposed in the higher temperature 
rooms, since the large temperature differential between the room air and 
coil may dehydrate the product. This system may be used where tem¬ 
perature control only is needed and where low humidity with no control 
can be tolerated. Such a system is diagrammed in Fig. 13.1. 

The refrigerating effect in each evaporator is equal to the enthalpy 
difference (h g at 24 F) — (h/ at 84 F) or 80.95 — 27.24 = 53.71 Btu per 
pound. The quantity of refrigerant circulated is (60 X 200)/53.71 = 


1 Refrigerating Data Book, 5th ed. New York: American Society of Refrigerating 
Engineers, 1943, Chapter 2. 
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223.4 lb per minute. The theoretical power required is (91.15 — 
80.95) 223.4/42.4 = 53.6 hp. 

Individual expansion valves and back-pressure valves are used in the 
second system, as shown in Fig. 13.2. The refrigerating effect in the 24 F 
evaporator is 80.95 — 27.24 = 53.71 Btu per pound. The rate of refrig¬ 
erant flow is (20 X 200)/53.71 = 74.5 lb per minute. 




1 —«o.»# 


Fig. 13.2. Individual expansion valves and back-pressure 

valves. 

In the 34 F evaporator the refrigerating effect is (82.05 — 27.24) = 
54.81 Btu per pound. The rate of refrigerant flow is (30 X 200)54.81 
= 109.5 lb per minute. 

In the 44 F evaporator the refrigerating effect is (83.15 — 27.24) — 
55.91 Btu per pound. The rate of refrigerant flow is (10 X 200)/55.91 
= 35.8 lb per minute. The total refrigerant flow is 74.5 + 109.5 + 35.8 
= 219.8 lb per minute. The enthalpy of the vapor mixture entering the 
compressor is (74.5 X 80.95 + 109.5 X 82.05 + 35.8 X 83.15)/219.8 = 
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81.9 Btu per pound. The theoretical compressor work is (92.0 — 81.9) 
219.8/42.4 = 52.4 hp. 

Multiple-expansion valves and back-pressure valves may be used, as 
shown in Fig. 13.3.- All the refrigerant flows from the condenser through 
the first expansion valve, where its pressure is reduced from 139 to 55.4 



Fig. 13.3. Multiple expansion valves and back-pressure valves. 


psia. All the vapor formed here plus enough liquid to take care of the 
10-ton load flows through the 44 F evaporator. The remaining refrig¬ 
erant then flows through the next expansion valve from 55.4 to 46.4 psia. 
All the vapor formed here plus enough liquid to take care of the 30-ton 
load flows through the 34 F evaporator. The remaining refrigerant then 
flows through the third expansion valve and supplies the 20-ton load of 
the 24 F evaporator. As in the second system, back-pressure valves are 
installed in the suction lines from the two higher-temperature evap¬ 
orators in order to maintain their higher coil pressures. All three suction 
lines are connected to a common 38.6-psia suction line leading to the 
compressor. 
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The refrigerating effect in the lowest temperature evaporator is (h g at 
24 F) — ( h/ at 34 F) = 80.95 — 15.65 = 65.30 Btu per pound. The rate 
of refrigerant flow required is (20 X 200)/65.3 = 60.1 lb per minute. 

The refrigerating effect in the 34 F evaporator is (h„ at 34 F) — (A/ at 
44 F) = 82.05 — 17.91 = 64.14 Btu per pound. The quantity of refrig¬ 
erant needed is (30 X 200)/64.14 = 93.5 lb per minute. In addition, 
the vapor formed when the 60.1 lb per minute for the 24 F evaporator 
expanded from 55.4 to 46.4 psi passes through the 34 F evaporator. 
Since the quality of the mixture leaving the second expansion valve is 
0.034, this additional vapor is [0.034/(1 — 0.034)] 60.1 =2.1 lb per 
minute. Therefore the total refrigerant flowing through the 34 F evap¬ 
orator is 93.5 + 2.1 = 95.6 lb per minute. 

The refrigerating effect in the 44 F evaporator is ( h„ at 44 F) — [A/ at 
84 F, (104 F - 20 F)] = 83.15 - 27.24 = 55.91 Btu per pound. The 
quantity of refrigerant needed is (10 X 200)/55.91 = 35.8 lb per minute. 
The additional vapor flowing through the evaporator without cooling 
effect is equal to [0.143/(1 — 0.143)] (95.6 + 60.1) = 26.0 lb per minute. 
The total refrigerant flowing through the 44 F evaporator is 35.8 + 26.0 
= 61.8 lb per minute. 

The total refrigerant used is 60.1 + 95.6 + 61.8 = 217.5 lb per 
minute. The enthalpy of refrigerant mixture entering the compressor 
is (60.1 X 80.95 + 95.6 X 82.05 + 61.8 X 83.15)/217.5 = 82.15 Btu per 
pound. The theoretical compressor work is (92.05 — 82.05)217.5/42.4 
= 51.3 hp. 

In the last two systems it is recommended that check valves be installed 
in the suction lines from each of the two higher-pressure evaporators. 

13.3. Dual Compression. Dual-effect compressors have two suction 
inlets drawing vapor in from two different pressure conditions. The 
lower-pressure vapor enters the cylinder as the suction stroke starts. 
Near the end of the stroke the second inlet port is uncovered and the 
higher-pressure vapor enters, raising the cylinder pressure enough to 
close the low-pressure intake valve. After the suction stroke is com¬ 
pleted, all the vapor in the cylinder is compressed and discharged. If all 
conditions remain constant, a given amount of vapor from each suction 
inlet will be compressed. A brief analysis of the power requirements 
will be given, patterned after the more detailed development presented 
by Sparks.* 

It is assumed that the following items are known: the piston displace¬ 
ment, clearance, and per cent of stroke when the auxiliary port is opened 
in the compressor; the properties of the two entering vapors; the discharge 
pressure; and the pressure drop through each valve or port. Compression 
is assumed to be adiabatic. 

* Sparks, N. R., Theory of Mechanical Refrigeration. New York: McGraw-Hill 
Book Company, Inc., 1938, Chapter VIII. 
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The lower pressure vapor is subjected to throttling through the valves, 
to mixing with the clearance gas, and to warming by contact with the 
cylinder walls. None of these effects is of great magnitude, and it will 
be assumed that the heating by the cylinder walls counteracts the cooling 
effect of the throttling and of the clearance-volume vapor. It is assumed, 
therefore, that the temperature of the vapor in the cylinder when the 
auxiliary port is opened is the same as that of the vapor in the low-pressure 
line. 

The following symbols will be used: 


Weight = W 
Volume = V 
Enthalpy = h 
Work 


Subscript 1 
Subscript 2 
Subscript 3 
Subscript o 
Subscript m 
Subscript c 


Internal energy =* u 
Specific volume = v 
Total pressure = p 
= W k t h = A 

lower suction pressure vapor 
higher suction pressure vapor 
discharge pressure vapor 
cylinder condition when port is opened 
cylinder condition when port is closed 
cylinder clearance volume vapor 


The cylinder volumes V 0 and V m , which are the same, may be cal¬ 
culated from the given data. v a may be determined from the given 
properties for the vapor at 1. 

Then W e + W i = — (13.1) 

*’o 

and W e + Wt + W t = — (13.2) 

f’m 

or W t = ^ - (W c + W t ) (13.3) 

Vm 


If the admission of the higher-pressure vapor and the subsequent mixing 
are considered adiabatic, the following energy equation may be written: 

(We + W,K + Wtht = (W e +Wx + W 2 )u* (13.4) 

Equation 13.4 assumes that the vapor already in the cylinder, W e + 
Wi, is static and contains internal energy only as compared with the 
incoming vapor Wt which contains internal energy plus flow work. The 
latter, by definition, is numerically equal to the enthalpy of Wt. The net 
input of energy by the piston as it moves from point o to point m is omitted 
in this development, since its effect is comparatively insignificant. It 
is equal to CA X (p m — Po) X (cylinder volume — V a ), where C is the 
effective part of the “toe” of the p — v diagram. 

Substituting (h m — Ap m v m ) for u m in equation 13.4 gives 

(W c + W,)u. + Wtht = [(W e + IFi) + W 2 ](/u - Ap m v m ) (13.5) 
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Substituting from equation 13.3 gives 
(W e + W l )u 0 + [£= - W e + TTij h 2 

= [Vc + 1T0 + ^ - (W e + TFi) j (h m - Ap m v m ) (13.6) 
Simplifying, this becomes 

—■ — = Ap m - ^ (TF C + TFi)(A* - Mo) (13.7) 

V m 


Simplifying further, since W e + W\ = W„ and u a = h 0 — Ap 0 v 0 , the 
right-hand side of equation 13.7 becomes 


but since 


, Wo, Wo. .Wo , 

Ap m — yt ht -no + tr ApoVo 

Vo Vo Vo 


Wo = l 

Vo Vo 


the expression becomes 



ho . ApoVo 

-- > 

Vo Vo 


or 


A(p m - po) 


(hi — ho) 


Vo 


Since the properties at o are the same as at 1, and p m = p 2 , 
then - ~ - = A( Pi - Pl ) ~ ( 13 . 8 ) 

V m Vt 

Since both hm and v m are unknown, it is suggested that a curve be 
plotted of the quantity (hm — hi)/v m for p m , against temperature. Since 
the right-hand side of equation 13.8 can be evaluated, tm can be deter¬ 
mined from the curve, and thus the other properties at m may be found. 

Since W e + W\ can be found from the data given for (V„/v 0 ), Wt can 
now be determined from equation 13.3. The properties after isentropic 
compression, point 3, can be found now', so that W e = V e /v s . Then W i, 
and thus W t = W\ + W 2 may be calculated. 

The theoretical power is 

h p = (^. - Ml ± 91 (13.9) 


and for adiabatic compression Q = 0. 

Individual expansion valves and dual compression may be applied as 
shown in Fig. 13.4. Using equation 13.8 for the dual compressor con¬ 
nected to the two lowest-pressure evaporators results in 
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K - 82.05 

Vm 


III (46.42 - 38.58) 


82.05 - 80.95 
1.043 


144 X 7.84 
778 


1.1 

1.043 


0.40 


When t m = 36 F, then h*, = 82.4 and v m = 0.88, which satisfies the above 




Fig. 13.4. Individual expansion valves and a dual compressor, 
equation. Then 

h» = 91.2 

Weight of refrigerant in the 24 F evaporator: 

W ' - 80.95 - 27.24 = 74 5 lb per nun 

For the 34 F evaporator, 

TJ/ 30 X 200 inA . .. 

W ' “ 82.05 - 27.24 = 109 ' 5 lb P*' 
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The theoretical power for the dual compressor is 

|^- 4 [(74.5 + 109.5)91.2 - 74.5 X 80.95 - 109.5 X 82.05] = 41.6 hp 



Fig. 13.5. Multiple expansion valves and a dual compressor. 

The power for the other compressor is 

10 X 200 ^ (90.35 - 83.15) _ , , 

83.15 - 27.24 X - 42A - = 61 h P 

The total power is 41.6 + 6.1 = 47.7 hp. 

Multiple expansion valves and a dual compressor would be connected 
as shown in Fig. 13.5. The method of analysis is the same as with 
individual expansion valves but the weights of refrigerant handled are 
different. As explained in §13.2, 
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20 X 200 


= 60.1 lb per min 


80.95 - 15.65 -.“ 

30 X 200 , 0.034 X 60.1 ft _ _ ,, 

82.05 - 17.91 + 1 - 0.034 = 95.6 lb per mm 


10 T0N9 


90 TONS 


20TONS 


I04P 1 «»»**** 


44F _ 

99.4 P9IA PI 

EVAPORATOR 

H 


84 P 

49.48 P8IA | | 

EVAPORATOR 

y h 


94 P 

••••«•* fn 

EVAPORATOR 

r ' 


104 F t 199 PtIA 
• 4 f 


44 P. 99.4 PtIA 
>4 F, 44.41 MU 

*4r # 99.89 NIA 


ENTHALPY, BTU PER Lb|L_££ ft— 

I-oo.tS I-SOM 

Fig. 13.6. Individual compressors and individual expansion 

valves. 


The power for the dual compressor is therefore 
^ [(60.1 + 95.6)91.2 - 60.1 X 80.95 - 95.6 X 82.05J = 35.2 hp 
The power for the other compressor is 


10 X 200 , 0.143 , nKfl , „ 

83.15 - 27.24 + 1 - 0.143 (956 + 601) 


1 (90.35 - 83.15) 
J 42.4 


= 10.5 hp 


The total power is 35.2 + 10.5 = 45.7 hp. 
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13.4. Individual Compressors. In a completely sectionalized plant 
there is a separate compressor for each evaporator, and either separate 
condensers or one main condenser is used. 

Using individual expansion valves, the system would be connected as 
shown in Fig. 13.6. The flow in the 24 F evaporator is (20 X 200)/(80.95 



Fig. 13.7. Individual compressors and multiple expansion 

valves. 


— 27.24) = 74.5 lb per minute. The power required is 74.5(91.15 — 
80.95)/42.4 - 17.9 hp. 

In the 34 F evaporator the flow is (30 X 200)/(82.05 — 27.24) = 
109.5 lb per minute. The power required is 109.5(90.70 — 82.05)/42.4 
= 22.4 hp. 

In the 44 F evaporator the flow is (10 X 200)/(83.15 — 27.24) = 
35.8 lb per minute. The power required is 35.8(90.35 — 83.15)/42.4 = 
6.1 hp. 

The total power is 17.9 + 22.4 + 6.1 * 46.4 hp. 

Using multiple expansion valves necessitates using only one condenser, 
and the system would be connected as shown in Fig. 13.7. 
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In the 24 F evaporator the flow is (20 X 200)/(80.95 — 15.66) « 
60.1 lb per minute. The power required is 60.1(91.15 — 80.95)/42.4 
— 14.5 hp. 

In the 34 F evaporator the flow is (30 X 200)/(82.05 — 17.91) ■* 
93.5 lb per minute plus the vapor formed when the 60.1 lb for the 24 F 



Fig. 13.8. Compound compression with flash intercoolers and 
individual expansion valves. 


evaporator expands from 44 F to 34 F and a quality of 0.034. This addi¬ 
tional vapor is [0.034/(1 — 0.034)]60.1 = 2.1 lb per minute. The power 
required is (93.5 + 2.1)(90.70 - 82.05)/42.4 = 19.5 hp. 

In the 44 F evaporator the flow is (10 X 200)/(83.15 — 27.24) = 
35.8 lb per minute plus the vapor formed when the 60.1 lb and the 
95.6 lb expand from 84 F to 44 F and a quality of 0.143. This additional 
vapor is [0.143/(1 — 0.143)](60.1 + 95.6) = 26.0 lb per minute. The 
power required is 61.8(90.35 — 83.15)/42.4 = 10.5 hp. 

The total power required is 14.5 + 19.5 + 10.5 = 44.5 hp. 
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18.5. Compound Compression. Isothermal compression, requiring 
less power than isentropic compression, can be approached more closely 
with compound or stage compression. Intercooling may be done econom¬ 
ically by allowing some of the refrigerant to by-pass the evaporators 
and be used in flash-type intercoolers. 



Fig. 13.9. Compound compression with flash intercoolers and 
multiple expansion valves. 


Individual expansion valves with compound compression and flash inter¬ 
coolers would be connected as shown in Fig. 13.8. The power for the low- 
pressure stage is 74.5(82.4 — 80.95)/42.4 = 2.55 hp. 

In the following intercooler the cooling effect required is 74.5(82.4 — 
82.05) * 26.1 Btu per minute. The amount of liquid refrigerant 
required is 26.1/(82.05 — 27.24) = 0.48 lb per minute. The power for 
the middle stage compressor is (74.5 + 0.5 + 109.5) (83.4 — 82.05)/42.4 
- 5.87 hp. 

In the next intercooler the cooling effect required is (184.5) (83.4 — 
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83.15) = 46.1 Btu per minute. The amount of liquid refrigerant required 
is 46.1/(83.15 — 27.24) = 0.82 lb per minute. The power for the final 
stage is (184.5 + 0.8 + 35.8) (90.35 - 83.15)/42;4 = 37.6 hp. 

The total power required is 2.55 4- 5.87 + 37.6 = 46.0 hp. 

Multiple expansion valves with compound compression and flash inter¬ 
coolers are shown in Fig. 13.9. The power for the first stage is 60.1(82.4 
- 80.95)/42.4 = 2.06 hp. 


TABLE 13.1 

Theoretical Compressor Power for a Freon-12 Plant Requiring 10 Tons 
at 44 F, 30 Tons at 34 F and 20 Tons at 24 F 


Type of System 

hp 

% Reduction 
from Maximum 

One compressor: 



All evaporators at same temperature. 

53.6 

0.0 

Individual exp. valves and back-pressure valves. 

52.4 

2.2 

Multiple exp. valves and back-pressure valves. 

51.3 

4.3 

Two compressors (one dual-effect type): 



Individual expansion valves. 

47.7 

11.0 

Multiple expansion valves. 

45.7 

14.7 

Three individual compressors: 



Individual expansion valves. 

46.4 

13.4 

Multiple expansion valves. 

44.5 

17.0 

Compound compressors and intercoolers: 



Individual expansion valves. 

46.0 

14.2 

Multiple expansion valves. 

44.2 

17.5 


In the first precooler the cooling effect required is 60.1(82.4 — 82.05) 
= 21 Btu per minute. The liquid refrigerant required is 21/(82.05 — 
17.91) = 0.33 lb per minute. The power for the middle-stage compressor 
is (60.1 + 0.3 +. 93.5 + 2.1)(83.4 - 82.05)/42.4 = 4.96 hp. 

In the next intercooler the cooling effect required is (156.0) (83.4 — 
83.15) = 54.6 Btu per minute. The liquid refrigerant required is 
54.6/(83.15 — 27.24) = 0.98 lb per minute. Th6 power for the final 
stage is (156.0 + 0.98 + 35.8 + 26.0) (90.35 - 83.15)/42.4 = 37.2 hp. 

The total power required is 2.06 + 4.96 + 37.2 = 44.2 hp. 

13.6. Comparisons of Systems. The theoretical compressor horse¬ 
power values calculated in the preceding sections for the cooling of three 
separate loads for a particular plant are listed in Table 13.1. In general, 
the total power required can be reduced appreciably by using more com¬ 
pressors or other equipment. The use of multiple expansion valves 
instead of individual expansion valves also reduces the power requirement 
somewhat. However, in certain multiload combinations this statement 
may not be true. 

Several large restaurants, hotels, and institutions have recently con¬ 
verted their single-compressor ammonia, carbon dioxide, or methyl chlo- 
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ride multievaporator systems to multiple Freon-12 compressor systems. 
Economic studies have indicated that the saving in operating costs war¬ 
ranted the change-over. However, it generally is not feasible to go to 
the extreme of using stage compression and flash intercoolers on ordinary 
installations. These refinements are usually applied only to special 
industrial systems. The greater the difference between the evaporator 
temperatures required, the more practical is the use of multiple compres¬ 
sors. When the evaporators are near each other and when their design 
operating temperatures are not too different, a single compressor and back 
pressure valves would require the least spaee and may be the most eco¬ 
nomical arrangement. In any event, each problem should be completely 
analyzed in order to arrive at the most economical and feasible system. 
Control methods are described in §14.10. 
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PROBLEMS 

13.1. Determine the percentage difference in theoretical power required 
(a) for F-12 and (b) for ammonia for one compressor with separate expansion 
valves and back-pressure valves and for individual compressors for evaporator 
loads of 5 tons at —10 F, 3 tons at 25 F, and 5 tons at 35 F; condenser temperature 
is 90 F. 

13.2. For an ammonia plant with loads of 10 tons at 44 F, 30 tons at 34 F, 
and 20 tons at 24 F, calculate and compare the power requirements for the three 
types of systems using one compressor as explained in §13.2. Condenser is 
at 104 F and there is 10 F subcooling. 

13.3. An ammonia system supplies chilled brine for a 10-ton load at 0 F, 
a 2-ton load at 20 F, and a 4-ton load at 35 F and must operate at a —10 F 
suction temperature. Compare the theoretical power requirements with that 
for three separate F-12 compressors using direct expansion (no brine). Con¬ 
densing temperature is 80 F with 10 F subcooling. Saturated vapor enters the 
compressor. 

13.4. Determine the additional power saved in Problem 13.3 if multiple 
expansion valves are used in the F-12 system. 

13.6. A 10-ton load at 20 F and a 10-ton load at 30 F are served by a single 
F-12 compressor with a back-pressure valve in the 30 F line. Compare the 
theoretical power required with that for two separate compressor systems. Con¬ 
denser is at 100 F. 

13.6. Make the same comparisons for the same loads as in Problem 13.5 but 
at 0 F and 30 F. 
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13.7. Determine the theoretical power requirements for a dual compressor 
for the conditions of Problem 13.5. 

13.8. Determine the theoretical power requirements for 10 tons at 0 F and 
10 tons at 30 F, using compound F-12 compression with an intercooler and 
multiple expansion valves and condenser at 100 F. 

13.9. Work Problem 13.8, using ammonia. 

13.10. Determine the power requirements for a system using individual 
compressors with multiple expansion valves for four 5-ton loads at 0, 10, 20, and 
30 F evaporator temperatures, using Freon-12 and condensing at 90 F. 


CHAPTER 14 


Refrigeration Control 

14.1. Introduction. For satisfactory operation, all but the largest 
refrigeration systems must be completely automatic. Large centrally 
operated systems requiring constant manual attendance are the exception. 
The overwhelming majority of installations are of small tonnage and are 
limited to a single application. Most of the usefulness of a domestic 
system or a small commercial unit would be lost if the operation were not 
fully automatic. 

Automatic control of a refrigeration system requires complete control 
of the flow of the liquid refrigerant, the on-off operation of the compressor 
motor, the flow of the condensing medium, and safety devices for prevention 
of damage to equipment. In addition, special controls designed for 
specific applications are frequently required. The various types of 
devices used to accomplish these purposes are so numerous that it would 
be impossible to describe all their modifications. However, the general 
purposes and operating characteristics of each class will be discussed, and 
typical mechanisms used to accomplish these purposes will be reviewed. 

14.2. Liquid-Refrigerant Control—Automatic Expansion Valve. 
Some form of expansion device must be used to control the rate of flow 
of the liquid refrigerant between the high- and low-pressure sides of the 
system. Such a device is termed an expansion valve and may be controlled 
either manually or automatically. With few exceptions the manual or 
hand-operated valves are obsolete and are not applied to modem systems. 

Thermodynamically, the expansion process is an irre versible adiabatic 
one (see Chapter 4). However, if refrigeration systems of much larger 
size than how normally employed were used, it would be economically 
feasible to install expansion engines to recover some of the work of expan¬ 
sion and at the same time to accomplish the pressure reduction. Such 
a process then would approach the isentropic more closely. 

An automatic or pressure-control expansion valve operates to maintain 
a constant pressure in the evaporator. A typical expansion control of 
this type is shown in Fig. 14.1. The liquid refrigerant enters at A from 
the receiver, passes through the strainer B, is throttled through the orifice 
C, with opening size controlled by the needle D, and is discharged into 
the evaporator through the refrigerant outlet E. The needle valve F is 
connected by means of a yoke to a flexible bellows G, which expands or 
contracts with variations in the evaporator pressure communicated 
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through the refrigerant outlet. The position of the needle is also con¬ 
trolled by the degree of compression in the spring connected to the yoke 
and adjusted by the hand screw H. These two forces act to maintain 
a constant pressure in the evaporator by increasing or decreasing the flow 
of liquid refrigerant as the pressure falls or rises in the evaporator. 

This type of expansion valve is applied to dry evaporators of the direct- 
expansion type. In operation, the control feeds a sufficient amount of 
liquid refrigerant to the coils to keep the evaporator pressure constant. 
If the compressor is stopped, the remaining liquid evaporates and the 
evaporator temperature and pressure increase, in turn closing the needle 
valve on the expansion control and thus stopping any further flow of 
refrigerant from the receiver to the evaporator. When the compressor 
is started again, the evaporator pressure decreases until a balance point 
is reached at which the expansion valve opens, feeding additional liquid 
refrigerant into the evaporator. Initially, evaporation takes place in 
the first part of the evaporator coil only until this portion of the coil is 
cooled by the evaporating refrigerant. Eventually the rate of heat 
transfer through the first portion of the coil is reduced, in turn allowing 
the evaporating refrigerant to travel progressively closer to the suction 
connection on the coil. The evaporator and compressor must be pro¬ 
portioned so as to prevent liquid from passing from the evaporator coil 
into the suction line under conditions of load equilibrium. To obviate 
such a difficulty this type of system is frequently designed with an exces¬ 
sive length of expansion coil. 

14.3. Liquid-Refrigerant Control—Thermostatic Expansion Valve. 

A thermostatic expansion valve controls the flow of liquid refrigerant to the 
evaporator in such a way as to keep practically the entire coil filled with 
evaporating refrigerant and also to keep a constant superheat in the 
refrigerant vapor leaving the coil. A thermostatic expansion valve is 
like an automatic expansion valve in construction but incorporates in 
addition a power element responsive to changes in the degree of superheat 
of the refrigerant gas leaving the coil. The typical thermostatic valve 
shown in Fig. 14.2 is similar to the automatic expansion valve of Fig. 14.1 
but with the addition of the power element A. This power element 
consists of a bellows B connected by means of a capillary tube C to a 
feeler bulb D. The feeler bulb is normally strapped to the suction line 
at the discharge of the evaporator. The feeler bulb, capillary tube, and 
power-element bellows may be charged with either a liquid or a gas. The 
pressure exerted by the power element through the push rod E to the yoke 
and needle F increases with expansion of the charging liquid or gas. Thus 
with this type of expansion valve a starved condition in the evaporator 
will result in a greater superheat in the gas leaving the evaporator, and 
this superheated gas in turn will operate through the power element to 
increase the flow of liquid refrigerant. A flooded evaporator will reduce 
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the superheat at the discharge of the evaporator, and hence the flow of 
liquid refrigerant will tend to be reduced. Such a valve is usually 
adjusted to allow evaporating liquid refrigerant to travel within a few 
feet of the suction-line connection. In this way full advantage is taken 
of the entire evaporator surface, and the system automatically adjusts 
itself to variations in load. Since no attempt is made to control the suc- 



Fig. 14.1. Automatic expan¬ 
sion valve. Courtesy Detroit Lu¬ 
bricator Co. 





Fig. 14.2. Thermostatic expan¬ 
sion valve. Courtesy Detroit Lu¬ 
bricator Co. 


tion pressure, an auxiliary pressure control for starting and stopping the 
compressor motor may be used (see §14.7). Another design of thermo¬ 
static expansion valve is shown in Fig. 14.3. 

If a thermostatic expansion-valve power element is charged with a 
liquid, the charging medium is usually the same refrigerant as used in the 
refrigerating system. Under these conditions the forces involved in 
positioning the needle of a thermostatic expansion valve are shown dia- 
grammatically in Fig. 14.4. Here the refrigerant gas is Freon-12, the 
evaporator temperature 20 F, and the superheat of the suction vapor 
leaving the evaporator 10 F. The position of the expansion-valve needle 
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ia determined Pi which must balance to 

•result m ms equilibrium setting. The feeler-bulb pressure, p t , of 28.5 psi 
corresponds to the. sataratibtt' pressure for Freetn-d.3 at 30 F. This is 
balanced pArtia'l;^ by force .?*■■;=*■' 21.1 psi exerted Against the diaphragm 
or bellows by the refrigerant at the e,ntrance to the evapor ator coil and 
by the pressure 7.4 psi exerted by the restraining spring. If the 
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Fig, 14.-5. Saturation curves for ethane and Preon-12.' FrotA “A Differential- 
Temperature Expansion Valve for I.ow-TemperotutV' Applications,’' by F. Y. Cafk*r. 
ItejrigeraiiriQ Knffineenng. WA. M} No. I (July, 1945). / . ' ' 

cabling load increases, resulting in a superheat greater than 10 F at the 
discharge df the svVaporutca, ptVtssurepi incit-a^suml thereby, repositions; 
the needle valve ■.opening to allow » greater amount of liquid 
to enter If the : Evaporator [bait decreases And; thereby 

reduces the superheat. below 10 F, force p, js mluced. and the needle 
valve closes to 1C F sujierheat at the 

evaporator discharge.. y 

A :'Valve •'.4^s»i(o.ed tor crnriparativfeiy high 

evaporate-temperature operation for extremely low- 

' dft|al that 

must be suppHed by tbh pbv\h*r element 1-6 change the needle valve from 
the open to closed position eorrespond^ t« a snmU supc'tticat at high teb>- 
pemtureH hut to a very large superheat at low temperatures. This eons- 
paHaon Is shdWlv ^lJhiealh' iii Fig, 11,5, whirli presen^ lh^ ^turati on 
fop- Frt'rm~f2 and fqr ethane-.;-: If the refrigvr^vht to bc used is 
Freon-12 tmd if the power elenxettt of the tliermeotatir mTansion valve 
is charged with Freon-12, a variation in temperature from 43 to 40 F will 
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result in a pressure change in the power element of from 40 to 37 psi. 
Thus a 3 F change in temperature corresponds to a 3-psi pressure change. 
However, at —100 F a 3-rpsi pressure differential corresponds to a 33 F 
change in superheat. Operation of such a thermostatic expansion valve 
at these low temperatures will therefore show wide superheat fluctuations 
between the open and closed positions of the valve if the system is to 
operate upon a 3-psi pressure differential and still supply the desired 
amount of refrigerant. It would be necessary to oversize the expansion 
valve greatly if such fluctuations are to be avoided; in this case a valve 



Fig. 14.6. Differential-temper- 
ature expansion valve. Courtesy 
Detroit Lubricator Co. 



¥ 


Fig. 14.7. Low-side float valve with 
flooded evaporator. Courtesy Frig- 
idaire Division, General Motors Corp. 


rated at 15 tons would be equivalent to a 1-ton valve at high temperatures. 
Several different schemes have been advanced to overcome these operat¬ 
ing difficulties encountered at low temperatures. One such valve 
designed for low temperatures, shown in Fig. 14.6, operates upon a tem¬ 
perature-differential principle with two feeler bulbs, one to be attached 
to the discharge side of the evaporator and the other to the suction side. 
The feeler bulbs are charged with ethane, a refrigerant that exhibits a 
2.5-psi pressure change with a 3 F change in superheat at —100 F. In 
this case small superheat changes result in pressure changes sufficiently 
great to be transmitted through operating lever A to the needle-valve 
assembly B to open and close the main needle valve C and thereby control 
the flow of liquid refrigerant from D through the outlet passage E to the 
evaporator. 
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14.4. Liquid-Refrigerant Control—Low-Side Float Valve. A liquid- 
refrigerant control of the low-side float type consists of a ball-type float 
located in either a chamber or the evaporator itself on the low-pressure 
side of the system and controlling a needle valve through a simple lever 
mechanism, as shown in Fig. 14.7 in cutaway view. This method of 
control is restricted to a flooded system and operates to maintain a con¬ 
stant level of the ebullient refrigerant in the evaporator. Such systems 
are used on household refrigerators and to some extent in commercial and 
industrial applications. 




Fig. 14.9. High-side float valve with intermediate pressure 

valve. 

14.6. Liquid-Refrigerant Control—High-Side Float Valve. A high- 
side float refrigerant control differs from a low-side float expansion valve 
in that the float itself is located in a liquid receiver or an auxiliary liquid 
container on the high-pressure side of the system. The liquid refrigerant 
is expanded either directly from this high-pressure chamber into the low- 
pressure side of the system or into an intermediate-pressure feed line. A 
high-side system of the first type is shown in Fig. 14.8 and one of the 
second type in Fig. 14.9. In the latter the liquid refrigerant passes from 
the high-pressure receiver into an intermediate-pressure feed line and 
thence through a second reducing valve, consisting of a fixed weight load 
acting upon a needle valve, into the evaporator. This system is designed 
with an intermediate pressure sufficiently high to reduce the heat gain 
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to this line to a minimum tivsome instances this intermediate pressure 
line• is Tepiaeni jay- a 6«piUi|j^pbe expansion system (see fl-l b). 

A highwide float expansion system of the design shown in Fig. !-i.S has 
the disadvantage that the yvapdratar must he placed directly adjacent 


tempyfathJy 


refrigerant. 


&0fJ. 


■V 


\ 


A 


? the supply i 

of.high-pressu 

re arid high' 

Tfe; relative! 
rapid trimsfei 

iy high t embe 
* of heatffooi 

rnturediffef- 
fhin rcserv; e? 

GASfcu r 

\hATF.; w •&<.£*£> 



■T vt rttsp 

' ‘ Ft %*&' *fc*f : - : y ■ ■ 

V . • 

'ssiya 

...2 . 

v-n I?£* k 

y r#?\* 

/ •: ■• 



\ mi tfpllffe' T:r 

■ w<¥' ±S - 

1 ‘ ' •• • t* : • : ' • 

. • ’ > UW&n t 


V #^ 7 TV ./- •' • /I •". I'. 

L_.4 : 


\ 

us*:Kftftg,r 
tllfct ; 


fliftrc DtAi.’iV 

•.iiWWi'V-: 




Fig 14,11). of higli^idt* float CtiUrttMy Ak*fc. Valve Ocn 

to the evaporating refrigerant with an accompanying loss of available 
refrigerating effect For this reason the intermediate^pressure system 
or the combination high-side float, and capillary system has found increas- 
mg usngh, because in tiwtse r iJ^sfey of he 9 .t is reduced by separating the 
high-pressure chamber jjpd. yhe eyuporating refrigerant by a reasonable 
distance. In either oitse the charge of liquid refrigerant in the system 
is rrithhl if proper hnlaiice and operation' are f<< !.«• obtaveed. Atypical 
high-side float amenably - ' uahae'd in .tiomesi in units is fhovm m Fig. 14.10. 

14,6-. .Liquid* Refrigerant Control—Capillary Tube.. A .capillary tube 
when used us n liquid-refrigemid expandingdevice usually consists of sm 
extremely ^kk^jM%h£r^' ' 

R to 10 ft m length •Altlviugh..-«aidi.a device- is a very simple means of 
►wounding liquid refrigerant from high, to low pressure, own the sum -and 
length of the tube an? fixed therfe are no mmiifH-atinns }x>*<nb1e to iid}uM 
for various Operating conditions. The bore and length of the tube, there- 
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fore, as well as the proportions of the rest of the system, are critical, and 
for this reason its application has been limited to “packaged” domestic 
and commercial units. 

When the liquid refrigerant passes through a capillary tube, the pres¬ 
sure is reduced gradually to the flash point at which a proportion of the 
liquid changes to gas. The proportion of the liquid changing state may 
be reduced, and therefore the capacity of the capillary tube increased, 
by utilizing a heat exchanger to subcool the entering liquid refrigerant. 
Such a heat exchanger may be formed by attaching the capillary tube to 



Fig. 14.11. Temperature-pressure distri¬ 
bution through typical capillary heat ex¬ 
changer. From “Capillary Tube-Heat 
Exchangers,” by R. H. Swart. Refrigerating 
Engineering, Vol. 52, No. 3 (September, 1946). 

a length of the suction line returning the refrigerant gas from the evap¬ 
orator to the compressor. Thus the cool gas leaving the evaporator 
may be used to subcool the warm liquid refrigerant leaving the condenser. 
The refrigerant liquid and vapor pressures and temperatures for such a 
capillary-tube heat exchanger are shown in Fig. 14.11 for an application 
using F-12 as the refrigerant. Here the cooled vapor returns from the 
evaporator at 0 F and is superheated to 80 F in the suction line before 
entering the compressor. At the same time the liquid refrigerant leaves 
the condenser at 100 F and 140 psi, is cooled to a temperature of 52 F 
before the pressure drop is sufficient to reach the saturated condition, and 
finally leaves the capillary tube to enter the evaporator at —10 F and 
4.5 psi pressure. Without such a heat exchanger the refrigerant would 
start to flash to vapor shortly after entering the capillary tube, and there¬ 
fore the capacity of the tube as well as the refrigerating effect of the 
refrigerant entering the evaporator would be greatly reduced. 

The proper application of capillary tubing as an expansion device 
usually requires the use of a hermetic compressor. For satisfactory oper- 
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ation a capillary tube system requires the continuous maintenance of a 
fixed refrigerant charge, high standards of cleanliness and dehydration, 
and a uniform rate of flow of oil with the refrigerant. 1 

A hermetic compressor inherently possesses these requirements to a 
greater degree than does the open type of compressor, subject to field 
servicing and to some loss of refrigerant past the compressor shaft seal. 
Proper balancing of the system parts is of utmost importance for proper 
operation. A capillary tube, with fixed dimensions and fixed resistance 
to flow, increases in ability to supply liquid refrigerant as the condenser 
pressure increases and/or the evaporator pressure decreases and the 
pressure differential thus becomes greater. Conversely, the ability of 
the remainder of the system to supply liquid refrigerant to the capillary 
tube decreases as the evaporator pressure drops and/or the condensing 
pressure increases. Thus there is a point termed “capacity balance” 
at which the ability of the condensing unit to supply liquid refrigerant is 
just matched by the flow of the refrigerant through the capillary tube 
and with a liquid seal at the entrance to the capillary. On either side of 
this point of capacity balance there will exist conditions under which 
either refrigerant vapor enters the capillary tube along with the liquid 
refrigerant or liquid refrigerant will build up in the condenser. Only 
one point of capacity balance will exist for any one set of operating 
conditions. 

The principal advantage in the use of a capillary tube as an expansion 
device is its simplicity. There are no moving parts, and the system 
automatically unloads, with the high-side and the low-side pressures 
equalizing during periods when the compressor is not operating. This 
automatic action eliminates the need of any unloading device and permits 
the use of a motor with low starting torque. Somewhat less refrigerant 
is required in such a system, since there is no continuous storage of liquid 
under high pressure in the condenser during the period of “off cycle.” 
Thus manufacturing costs are appreciably lower for systems using 
capillary tubes. However, because of the fixed bore and length of the 
tube and the varying operating conditions encountered, there is usually 
some increase in the average operating cost. Furthermore, extreme care 
must be taken to prevent plugging of the tube by any dirt, ice, or decom¬ 
position products. 

14.7. Compressor Motor Controls. Two types of controls are com¬ 
monly used for intermittent starting and stopping of compressors. The 
first of these is a pressure motor control responsive to the suction pres¬ 
sure, and the second is a thermostatic motor control responsive to the tem¬ 
perature of the load surrounding the evaporator. In the first, compressor 
operation is indirectly dependent upon the temperature of the load and 

1 Staebler, L. A., “Theory and Use of a Capillary Tube for Liquid Refrigerant 
Control.” Refrigerating Engineering , Vol. 55, No. 1 (January, 1948), p. 55. 
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is- epntroUed by the pressure, and therefore also by the temperature, of 
the evaporating refrigerant. In the second type, r.nunpressor operation 
is directly dependent upon the temperature of the load being cooled. 

With the pressurc-aetuateiJ device.: -the., control, for eonvehiepih&phr 
located directly <>h the aiidihhlow pressure. in the suctum 

hit.-- or the eranke&x*of compressor iau;wd tu control motor ojxyathuL 


Fig, 1*1.12. Pressure motor control. Courtesy Penn Electric Switch Co. 

As shown in Fig. 14 12, such a control consists usually of a low-pressure 
bellows (‘"out!-] v<) through tubing directly to the low-pressure control 
«duree switch operatedthroughUnkage by tM movement 

of the belhnvse The electrical circuit b closed on rising pressure and b 
opened oft faflht^ pre^ttre. Adjustment imtW :h£ made of the eut-lh hud 
cutout pressures as Weil as the .diiTecentiai between them. irsualiy the 
cutout prmutfr is adjusted to eoi*re^putujTo a degrees 

belov; t hat of the desired coil temperature and the cut-in pressure approx¬ 
imately to that of the coil temperature, A. wide pressure differential 
would tend to ullovv greater variatior. in. cab met temperature but would 
lengthen the-cycling time, With a small pressure differential ihe cycling 
time will be shottenfai but thy load temperature yyill b$ mbf* uniform. 

The thermo'sfcafie type of motor control is usif»ffy ofdihhifeib construe^- 
tion to I be pressure control, with the exception that; a temperat ure bulb 
and capillar^ tube replace the pressure lipe.. The bellow^ .linkage and 
electrical contacts shown in (ho control of Fig. 1.4.12may also bo used for 
temperature control by equipping it with a temperature-, detuated powc'f 
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element. fry thk case 'i«oM>r control is ;rns||!>tt|ive to changes i»s 

tiw?: tejrnpei'&turo of the load surrounding-the evaporator if the power 
elenw-nt is properly located-- With this 'type of eontrui. the cut-in tern- 
perBi.uifx*, the etitout temperature, and the 

Motor controls. are frequently equipped with it high-pressure satHy 




Fig. 14 13. Ck)rubLnfitioh low-pr^asum ifdHtnnl unH lvigb-f*n^\U<> safety CU,1 L 
*>m. * ;.urk-y lVnu Flrr'trm Hwifcli Oo. 

high-side pressure exceeds a predetermined limit. A typical combination 
i.nv-pr»;sr4ure control and high-!•re-saute, safety cutout is shown in Fig. 

-Hhe etmatf-uctioit of the ettfoat to that 

/.f the h yv-prcyyur*'- control in that it con.oVtH of a ptessfJJty-Operated hel¬ 
lo^ i^itneotedL'I^y m*?* 0 *-- * if • a?ll#fca$k' W$:fyp .:awit-eh. The- 

<?v-lindor bead*pressure of the- r.ooj pressor is 'frequently-nyed ns the eon- 
trolling point. Ii the pressure in t£i^'fcu^«icm^i*;i^iES^i«;;fcK!e ctipfrol limit 
fhrdugh .|o<• litfJe ebudenser water, p,a excess of potutotidensable gases in 
t he system, orany other cause, the sysVenyeease^ to operate and damage 
is preventeif < 'n large installations it is desirable, that such a cutout be 

of ill* manual 1-1,‘set type. 

14.8. Solenoid or Magnetic Stop Valves. Sohnoui or mmjnetic miftp 
■0m are frequently used in rr-fnge.rmion and iiir-comlh.ionirig systems 
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for control of gas or liquid flow. Because such a. valve* lias two positions 
only (Miy closed or fully open) and a fixed area when opoiv it cannot be 
used as a modulating cqptfbk A typical ^bieboid valve is: shown in Fig. 
14.14; ; Tf the Mlenoid cdil hr Wot energized s the plunger and needle close 
tbe orifiw, preveiitnig flow; when the solenoid i-oil is energized; • the- 
|rfungep'j^:diW^j'!in.to;the solenoid, thus opening the orifice passage. 

are frequently - /• H-'h 


Splendid valve 
used as lupud ate 

placed in the liquid line between t he > 

•eondeU!^U: : pt’i^eeiyer-an<i(. the eynpos 
rotor. The liqiufhref rigetairt line is . 
open to passage 'of: the rofrigetldit . if' ’ 

ordy wh^rthe eompsrtcssorisiri opera- ^ 

tion and the solenoid is energized 5 »>-t 

hence leakage of liquid refrigerant j 

into the evaporator is • prevented 
when the compressor is inoperative II 

In some eases ji~j 

off valve is Pppjfated directly by a 
thermostat located. at. the point of 
the load) and: the eumpre*w/r-tai4.or 
operation is controlledindependently - : ^w pPBB p 
by a fbw-preaaiire switch, .(.'losing 
the liquid.'line ' thpmtgh the flier-/ 
mostal permits the Compressor to ' 

evacuate the. evaporator, and the ' / tg ' 1 11 

- t . { V •••*> . .. .: : Stop VHlVe. 

resulting low pressure stops com- svitcii t 
pressor operation. 

Magnetic .gfOB yalyes are vridely Used for the control of refrigerant 
flow to iedivkhad ev&poroiorss m & amhipkwvHpoc&tor system^ operated 
by one couijurc^so.r. Tin* phase of refrigeration: ecutirpl is. 
discussed in jsbiift, Many other use* are.found for magnet 
this type. Jn some instuilafkilts magnetic liquid-line afid suction-line 
valves are u^td ;.t« isolate the e vapdf a tor completely for dnfrostmg pur- 
A magnet te valve may be inatsul.©d;. ; ln 


.. Snlctmiii or .tjiagilpiUi 
t’tjlirtesv Pehii Elbctrii; 


more 


by-pass around 


poses. 

more cytmdem p|.u miiltiple-eyHn.dch'hbtoptcstior knd thereby 'be: Used tb 
provide a degree of capacity control. A similar by-pass gas solenoid 
val ve may bo used to unload a crunprcssur during starting to reduce the 
starting load. Additional appli<‘^tu.»uA;hre. fOiitsdiu >oitt?bl ; of the flow 
of condenser water or in control rathe cireUlatlpriof bring in a secondary 
refrige rut ion system. 

Hi Suction-Line Controls. $uGtion~prvis$v?ii< cunfwt ;vtdveSj fre¬ 
quently called hvLck-preXHore reyuliilaf's or tku^kwptyri(tHri‘‘ valves, are 
placed in the suction line in prevent the evaporator pressure, and there- 
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fore the evaporator temperature, from dropping below a predetermined 
level. They may be applied to installations such as water-cooling and 
milk-cooling systems in which freezing or other damage may result if the 
evaporator pressure drops too low. They are often used in multiple 
systems in which several evaporators are supplied by one condensing unit. 
With such installations the different evaporators may be kept at different 
temperatures by maintaining a pressure drop from the evaporator to the 
compressor suction line. Constant-suction pressure valves also find usage 
in multiple systems in which individual control is desirable for each 
evaporator. If, for example, in a two-evaporator system one of the evap¬ 
orators is shut down, the full capacity of the compressor is then applied 
to the remaining evaporator. Unless a device of this type were used, the 
suction pressure in the evaporator would then be reduced to a much lower 
value than that for which the system was designed when both evaporators 
were operating. Suction pressure control has, however, the disadvantage 
of inherent instability. 

There are several different designs of constant-suction pressure valves. 
The metering type is constructed to open and close with only slight pres¬ 
sure variation, whereas the snap-action diaphragm type operates over a 
definite pressure differential. Additional modifications have been made 
so that back-pressure valves can be operated by means of a thermostatic 
control bulb in a manner similar to a thermostatic expansion valve. 

One typical evaporator-pressure regulator of the pilot-operated type 
is shown in Fig. 14.15. With this pressure regulator the main valve is 
held in the closed position by the evaporator pressure and by the valve 
spring. The evaporator pressure is transmitted to the pilot valve E 
either through an internal or an external passage, depending upon the 
application. The pilot spring C is adjustable so that the pilot may be 
made to open whenever the evaporator pressure exceeds a predetermined 
setting and to close whenever the evaporator pressure drops below this 
value. If the pressure in the evaporator is sufficiently high to counteract 
the spring pressure in the pilot and to open the pilot, evaporator pressure 
is then transmitted through the pilot opening to the top of the main- 
valve operating piston J. Since the area of this piston is greater than 
that of the main valve, this pressure is sufficient to counteract the forces 
holding the main valve closed, thus opening the valve and allowing free 
passage from the evaporator to the suction line. In this case a 2-psi 
pressure differential between the suction line and the evaporator is suffi¬ 
cient to result in proper operation. 

A comparatively recent development in suction-line controls is a 
suction-pressure regulator designed to limit the suction pressure at the 
compressor to a maximum value and thus to prevent the compressor from 
overloading, particularly during the initial high-load or “pulldown” 
periods. Some installations have been made combining such a suction- 
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pressure regulator with an evaporator-pressure regulator in the same 
system, thus limiting the compressor load during pulldown and control¬ 
ling the evaporator pressure at a minimum value during normal and light 
loads. Such control systems, as well as other similar combinations using 
temperature-controlled suction pressure valves, make possible the safe 
selection of a compressor based upon the maximum necessary load and 
at the same time permit safe operation during periods of overload. 



Fig. 14.15. Evaporator pressure regulator. Courtesy Alco 

Valve Co. 


14.10. Control of Multiple-Evaporator Systems. If several evap¬ 
orators are required for the removal of heat from different sources, these 
may be operated by means of individual condensing units for each evap¬ 
orator or by one large condensing unit of sufficient capacity to supply the 
total of all the loads. For individual units the required controls are the 
same as for any individual system, but special controls are necessary for 
the system employing one large unit. 

If the several evaporators are to be operated at the same temperature 
and the several loads are all equal, any single evaporator pressure or any 
single load temperature would be sufficient to control operation of the 
condensing unit. However, these conditions are obtained rarely, if ever, 
since not only will the loads vary somewhat but the desired evaporator 
temperatures also may not be the same. Different evaporator pressures 
may be maintained by the use of suction pressure-throttling devices (see 
§14.9). If proper temperature and load control are to be maintained for 
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each evaporator, some means must be provided for individual evaporator 
control by shutting off the refrigerant flow as soon as the desired load 
temperature has been reached. 

One satisfactory means of providing multiple-evaporator control when 
operating with a single condensing unit is through the application of 
thermostat-solenoid combinations together with suction-line pressure- 
throttling devices. Such an installation, as shown diagrammatically in 
Fig. 14.16, is equipped with individual liquid-line solenoid valves thermo¬ 
statically controlled by the load prevailing in the areas surrounding the 



Fig. 14.16. Thermostat-solenoid control Bystem. 

evaporator. The compressor operates when any one or all thermostats 
request refrigeration. Expansion control is provided through thermo¬ 
static expansion valves, and pressure-restricting valves on the suction 
line of each evaporator prevent low evaporator temperatures when the 
full capacity of the compressor is supplied to less than the maximum 
number of evaporators in the system. A suction-line throttling device 
is particularly necessary if low evaporator pressures and temperatures 
might cause damage, such as dehydration in the case of food products. 

A thermostat-solenoid system as here described gives individual load 
control for each evaporator and prevents low evaporator temperatures 
during partial-load operation. However, the operating cost is increased, 
not only because throttling is necessary between the suction line and 
those evaporators operating at higher pressures than the minimum but 
also because the full capacity of the condensing unit is supplied whether 
only one or all evaporators are demanding condensing unit operation, If 
it is assumed that t equals the total running time for the condensing unit, 
I equals the individual operating time in per cent for each evaporator, 
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and n equals the number of evaporators, then by application of the prob¬ 
ability laws:* 


Probability of condensing unit on and operating all evaporators at same 
time = 


AvAvA x ...ii = i:. 

100100 A 100 A 100 ioo- 


(14.1) 


Probability of condensing unit off = 


(100 - 7Q (100 - It) w (100 - /») v . . . (100 ~ I_n) 
100 A 100 100 100 

_ (100 - /)» 
100 " 


(14.2) 


Probability of condensing unit on and operating one or more but not all 
evaporators at same time = 


1 - 


/" (100 - /)•' 

100 " + 100 " 


(14.3) 


Condensing unit total running time — 


/" 

*“ Too" + 


i _ ( L 4 . (loo - fl* Y 

\100» _r 100" /_ 


= 100 




100 

-(100 - /)» + 100 " 
100 " 


] 


(14.4) 


Similar equations may be derived for the more complex cases where the 
individual running times for each unit are not the same. 

Example 14.1. It is required that each of three evaporators operate 60 per 
cent of the time in order to obtain satisfactory operation. Determine the 
probability that (a) condensing unit mil be on and operating all evaporators at 
same time, (b) that condensing unit will be on and operating one or more 
evaporators but not all three at same time, and (c) determine total running time 
of condensing unit. 

Solution: 


(a) Probability of condensing unit on and operating all evaporators at same 
time = 

In /fioV 

loo- ■ (loo) -°- 22or22% 

(b) Probability of condensing unit on and operating one or more, but not all, 
evaporators at same time = 




‘Elliott, James, “Multiple Systems or Individual Units.” Refrigerating Engi¬ 
neering , Vol. 44, No. 4 (October, 1942), p. 237. 
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(c) Total running time = 

■»[ -" “I -,— 

In this example, if the three evaporators are multiplexed but thermostat-solenoid 
combinations are not used, the operating time of the condensing unit will be 
60 per cent instead of 94 per cent. 

It is evident that a series of evaporators may be operated from a single 
condensing unit with good temperature and load control by such a system, but 
at the expense of higher operating costs, longer running times, and more expensive 
controls. Power demands are reduced if individual condensing units are used 
for each evaporator but with the disadvantage of a somewhat higher initial 
installation cost. 

14.11. Condensing-Water Control. The majority of refrigeration 
systems other than those of fractional horsepower use water-cooled rather 
than air-cooled condensers because the lower condensing temperatures 
result in more economical operation. Automatic control of the water 
flow* to the condenser must be maintained if water w’astage is to be elim¬ 
inated. Such control may be provided through the use of either an 
electric solenoid water valve, similar in design to that described in §14.8, 
or by means of a pressure-controlled valve. With a solenoid valve the 
flow is two-position, either off or on, and its operation is simultaneous 
with starting and stopping of the compressor motor. With a pressure- 
operated water valve the flow is modulated and is dependent entirely upon 
condenser pressure rather than upon condensing-unit operation. For 
these reasons pressure-operated w*ater valves, such as show*n in Fig. 14.17, 
are becoming increasingly popular. Here two forces control the size of 
the valve opening through w*hich condenser w*ater may flow. An adjust¬ 
able compression spring tends to keep the valve closed while a bellows, 
connected by tubing to the high pressure side of the system, tends to 
unseat the valve. When the condensing unit starts operation, the 
increased pressure in the condenser caused by noncondensed refrigerant 
gas opens the valve and permits water flow to the condenser. When 
condensing-unit operation has ceased, the water continues to flow* through 
the valve until the condensing pressure has decreased below the valve 
setting. Similar water valves controlled thermostatically by the tem¬ 
perature of the w*ater discharged from the condenser are available. 

14.12. Compressor-Capacity Control. There are many refrigeration 
applications in which the refrigerating load is not constant, and therefore 
from the standpoint of both operation and economy, it is desirable to 
provide for some control of the capacity of the system. Several satis¬ 
factory means for obtaining such control are outlined in the following 
paragraphs. 

Machine-speed adjustment is a comparatively simple yet satisfactory 
method of controlling capacity. Two-speed motors are satisfactory on 
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.smaller installations »nd allow for fixed redactions of from one-third to 
one-half. Vanuhle-jrit ch pulleys-may be used for speed reduction down 
to opeshalf. Hydratdi^ miiplinp obtainable tfett allow automatic 
control from full speed down to Vmo-qp&rter speed.Ifthe'.motor power 
is supplied through a reciprocating ^tesdh engine- of aifham turbine, sqch 
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end pi tfje. eyiitid^''' 
f the buwodu<?fi<iP of 
from the iRcrcaae in: 
volume of space required t>y ; ; .th*. ckaranch.gaH^' ^eespttftided'' fp shed ion 
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pressure regulating valve is .placed m the suction hue of a singe 
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multiple-evaporator installation to provide for constant evaporator pres¬ 
sure and temperature. Although simple in application and operation, 
such a means of reducing compressor capacity is uneconomical in opera¬ 
tion (see Chapter 13). 

Some degree of capacity control may be obtained by making a portion 
of a cylinder ineffective or by making one or more cylinders of a multiple- 
cylinder compressor inoperative. This effect may be accomplished by 
means of a cylinder by-pass by providing a connection from the suction 
line to a port on the side wall of the cylinder. The cylinder will then 
become partially ineffective, since a portion of the gas is pushed back out 
through the side-wall suction port, and only that portion contained in 
the travel above this port is compressed. A complete cylinder may be 
rendered inoperative by lifting the suction-valve plate so that all the gas 
drawn into that cylinder is released back to the suction line with only a 
small loss of work. 

Individual refrigeration machines may be used to provide capacity 
control by selecting their size so that the operation of all units will provide 
the maximum desired capacity, and operation of various combinations 
of the units will permit efficient capacity reduction. When this method 
of control is used, the units are usually installed with common suction 
and discharge headers. If, for example, a total capacity of 25 tons of 
refrigeration is required, control in 5-ton steps may be provided by the 
use of one 5-ton unit and two 10-ton units. 

With practically all methods of capacity control described in this 
section, the control itself may be accomplished manually or automatically. 
One means of providing automatic regulation is through the use of elec¬ 
trical or pneumatic step controllers which will bring on additional capac¬ 
ity steps as progressive changes occur in the temperature of the load. 

14.13. Miscellaneous Controls. A great many additional controls 
are constructed for special applications. Many of these are designed not 
to aid in the proper operation of the system but to prevent damage in, case 
of improper operation. One such safety control is the high-pressure 
cutoff, frequently combined with a low-pressure motor control (see §14.7). 
Another safety control often used is a low-voltage cutoff that will shut 
down the system automatically when the line voltage drops below a mini¬ 
mum value. High-pressure relief valves are used for safety purposes to 
prevent damage in case excessive condensing pressures are encountered. 
Oil separators are often installed between the compressor and the con¬ 
denser to prevent excessive oil pumping from the crankcase into the 
condenser and the evaporator. Separation of the oil from the refrigerant 
gas is usually accomplished by slowing down the gas velocity sufficiently 
to allow the oil to separate out by gravity. A float-operated valve main¬ 
tains a set oil level in the separator, and the excess is forced from the 
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separator to th<P compressor crankcase bypressure difference. Figure 

In order that domestic refrigerators may be as completely automatic 
and free from attendance as. p08sUde J tIiey refiiiU i e soTric/orm of uUfchmutui 
defrosting control;.. Some tmits iueorpomte a fleviee . 

that allows the refrigerator to operate «fc a tempera- JfkjFi Mi$ 
ture sufficiently high td tHwmit defrosting yet low .^HR£1 Ak#v- 
enough to preven t food spoilage daring the defrosting ggpp^ 
cycle. In some units the starting of-defrosting is '* ’V 

manual, and the return to the normal operating cycle Igp*J| R1 « 

device incorporated in u dj 


is automatic, 

some units is an automatic timing^ arrangement that 
ppm the unit througb a deIro«tmg pycie'eve^y 24 
Hours. •" : k . ; 'V.,h /0;' 

Many specigl coDtrots arc n<a*essitJry^ fpr less 
frequently encountered systems of reffijg^r^tharsuch 
as arr-cyde, steam-jet, centrifugal and absorption. 

Small* cofttintiously' pperated absorption systems 
such He domestic units require a thgiinosfatic valve 
modulating the gaailow to the burner in order to 
control the iMhodpt of bnat absorbed in the evap¬ 
orator. Largo absorption systems require, of course, 
more extensive controls. The principal control in 
many ceiitrjfugal refrigcration systejms consists of a 
thermostatic clement placed m the evaporating re¬ 
frigerant and designed to modulate a valve - in t he 
water-supply line to the ephdenscr. An increasing 
or decreasing lojid m the evaporator, as indicated by 
evapoiatar temi^u^turo, tdiiis a-utomaticatly changes the rale of refrigera¬ 
tion by modulating the supply of c.tmdeusing water: 
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PROBLEMS 

14.1. A thermostatic expansion valve supplies Freon-12 to a coil evaporating 
refrigerant at 16 F. If the thermostatic bulb is also charged with Freon-12 and 
the valve is adjusted to open with 8 F superheat, determine (a) the force in the 
restraining valve spring and (b) the degrees superheat upon which the valve 
will open if the evaporating temperature is raised to 36 F. 

14.2. If the thermostatic expansion valve of Problem 14.1 were placed in a 
system with methyl chloride evaporating at 16 F, what would be the condition 
of the refrigerant discharged from the evaporator coil? 

14.3. An ammonia refrigerating system develops 10 tons when operating at 
85 F condensing and 5 F evaporating with no liquid subcooling or vapor super¬ 
heating. Determine (a) cubic feet per minute of refrigerant entering expansion 
valve and (b) cubic feet per minute leaving expansion valve. 

14.4. If in Problem 14.3 the pressure drop through the liquid line between 
condenser and expansion valve is 3 psi, determine (a) quality of refrigerant 
entering expansion valve, (b) cubic feet per minute of refrigerant entering 
expansion valve, and (c) cubic feet per minute of refrigerant leaving expansion 
valve. 

14.5. A condensing unit discharges saturated liquid refrigerant at 80 F from 
the condenser. If the evaporator and expansion valve are located 20 ft above 
the condenser, what is the quality of the refrigerant entering the expansion valve 
when the refrigerant is (a) Freon-22? (b) methyl chloride? 

14.6. If the capacity of an expansion valve in tons of refrigeration is directly 
proportional to the orifice area and is based upon the volume of saturated liquid 
refrigerant, determine the valve capacity required to supply 10 tons under the 
conditions of Problem 14.5. 

14.7. Five evaporators are operated with a single condensing unit and thermo¬ 
stat-solenoid and suction-line pressure-throttling controls. If three of the 
evaporators require a 60 per cent running time and two a 40 per cent running 
time, determine (a) percentage of condensing-unit running time with all evapo¬ 
rators in operation, (b) percentage of running time with one or more but not all 
evaporators in operation, and (c) total condensing-unit running time. 

14.8. A simple field test for a thermostatic expansion valve consists in con¬ 
necting the inlet to a supply of dry air (75 to 100 psi) or a service drum of Freon 
or methyl chloride. The thermostatic bulb is placed in a bath of melting ice, 
and a low-pressure gage is screwed loosely into the valve outlet to permit some 
leakage. If the valve is to be adjusted for 10 F superheat, determine the gage 
reading when adjusted for the refrigerant (a) Freon-12, (b) methyl chloride, 
(c) If the gage is now screwed tightly to stop all leakage, how should the pressure 
vary? 


CHAPTER 15 


Absorption Refrigeration and Chemical Dekumidification 

15.1. History and Introduction. Since the most prevalent types of 
cooling or dehumidifying systems today employ a refrigerant compressor, 
the other methods used for refrigeration are not so well known. How¬ 
ever, in many applications one of the less prominent systems may 
be the most feasible or practical, either economically or otherwise. Of 
these other methods used, the most common is the absorption refrigera¬ 
tion system, developed by Ferdinand Carr6 in France and on which he 
took out a patent in the United States in 1860. In the early years of 
the twentieth century absorption refrigeration gained considerable prom¬ 
inence, but after 1915 the electric-motor-driven, fully enclosed ammonia 
compressor was more actively promoted and received wide acceptance. 
Development work was then concentrated on compression systems, and 
absorption systems were practically forgotten, except for domestic units, 
until the late 1930’s. 

Since that time one company has introduced absorption air-condition¬ 
ing units of 5, 7i, 10, and 20 tons nominal capacity, and another has sold 
3- and 5-ton units that have been further improved since World War II. 
Other companies have made some changes in the basic design of the old- 
style units and have installed several large industrial systems from 10 to 
3600 tons capacity. One concern made and installed some very compact 
150-ton units after World War II, primarily for comfort cooling. 

The purpose of a refrigerant compressor is to withdraw the vapor from 
the evaporator, then to raise its temperature and pressure level so that it 
can reject in the condenser the heat absorbed in the evaporator and be 
ready to expand to the evaporator condition again. In an absorption 
system the refrigerant vapor is drawn from the evaporator by absorption 
into a liquid having a high affinity for the refrigerant. Applying heat to 
the solution raises its temperature level and drives off the refrigerant 
vapor so that it can pass on to the condenser to be liquefied. The liquid 
refrigerant then flow's into the evaporator at a reduced pressure, and 
finally completes the cycle, being absorbed again by the absorbent, which 
flows through its own cycle. 

The absorption of a gas or vapor by a liquid is theoretically governed 
by Raoult’s law, which states that at a given temperature the ratio of the 
partial pressure of a volatile component in a solution to the vapor pres¬ 
sure of the pure component at the same temperature is equal to its mol 
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fraction in the solution. The mol fraction is equal to the number of mols 
of the component divided by the total number of mols present. The 
number of mols is equal to the given weight of a substance divided by 
its molecular weight. 

Raoult’s law applies only to an ideal solution or one in which the inter- 
molecular forces between the substances in the solution are equal. Since 
there are no ideal solutions, deviations from Raoult’s law exist and are 
termed positive or negative. A positive deviation exists when the 
observed pressure is greater than calculated, and a negative deviation 
when the observed pressure is less than calculated. 

A desirable combination for an effective absorption refrigeration 
system would have a large negative deviation, which would require a 
minimum amount of absorbent for the given refrigerant, quantity needed 
to circulate in the system. The less absorbent used, the smaller the 
amount of heat input required per ton; and a minimum heat input is 
desired. 1 

The volume of a solution is not necessarily equal to the sum of the 
volumes of its components. In the case of ammonia and water, the total 
volume is approximately equal to the volume of water alone plus 85 per 
cent of the volume normally occupied by the ammonia. 

The systems for large industrial or comfort cooling employ a pump to 
handle the absorbed refrigerant, but domestic refrigerators and the small 
units for air conditioning have no mechanical moving parts. Each of 
these systems will be described in the following sections. It is suggested 
that §2.8 be reviewed before proceeding further. 

16.2. Simple Absorption System. The minimum number of primary 
units essential in an absorption system include an evaporator, absorber, 
generator, and condenser. An expansion valve, pressure-reducing valve, 
and a pump are used in a conventional two-fluid cycle, but the pump 
can be eliminated by adding a gaseous third fluid, as will be explained in 
§15.6. These units are connected to form the simple absorption cycle as 
diagramed in Fig. 15.1. Note that this cycle differs from a vapor com¬ 
pression cycle by the substitution of an absorber, generator, pump, and 
reducing valve for the compressor. Various combinations of fluids may 
be used, but that of ammonia and water is the most common and will be 
used in this discussion. The solution is called aqua ammonia; a strong 
solution contains about as much ammonia as possible; a weak solution 
contains considerably less ammonia. 

The weak solution containing very little ammonia is sprayed or other¬ 
wise exposed in the absorber and absorbs ammonia coming from the evap¬ 
orator. Absorption of the ammonia lowers the pressure in the absorber, 
which in turn draws more ammonia vapor from the evaporator. Usually 

1 Heating Ventilating Air Conditioning Guide 1946. New York: American Society 
of Heating and Ventilating Engineers, pp. 700-701. 
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some form of cooling is employed in the absorber to remove the heat of 
condensation and the heat of solution evolved there. The strong solution 
is then pumped into the generator, which is at a higher pressure and is 
where heat is applied. The heat vaporizes the ammonia, driving it out 
of solution and into the condenser, where it is liquefied. The ammonia 
passes on to the receiver, if a separate one is used, on through the expan¬ 
sion valve and into the evaporator. * The weak solution left in the gen¬ 
erator after the ammonia has been driven off flows through the reducing 
valve back to the absorber. 



ABSORBER EVAPORATOR 

Fig. 15.1. Simple absorption system. 


16.3. Practical Absorption System. The simple system described in 
the preceding section is not very economical. However, by the addition 
of certain auxiliary equipment the economics can be sufficiently improved 
to make the system practical. In order to obtain the most desirable 
balance between first cost and operating cost, the number of auxiliaries 
to use varies with the application. The basic auxiliaries include an ana¬ 
lyzer, a rectifier, and two heat exchangers, connected as diagrammed in 
Fig. 15.2. 

When ammonia is vaporized in the generator, some water is also vapor¬ 
ized and will flow into the condenser with the ammonia in the simple 
cycle, causing an aqua solution instead of dry ammonia to circulate through 
the expansion valve and evaporator. The analyzer and rectifier are 
added to separate the vapors leaving the generator and to send only dehy¬ 
drated ammonia to the condenser. The aqua-ammonia heat exchanger* 
located between the absorber and generator, provides some cooling of the 
weak solution and heating of the strong solution. This operation saves 
on the amount of cooling needed for the absorber and the amount of heat 
needed for the generator, a very effective economy. The liquid sub- 
cooler, not always used, serves the same purpose as does a liquid-suction 
heat exchanger in a vapor compression system by subcooling the refrig- 
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erant entering the expansion valve. Sometimes the solution leaving 
the absorber is directed through a water-cooled heat exchanger. The 
basic units and important auxiliaries are described in the following 
paragraphs. 

Absorber. In industrial systems the absorber may consist of one or 
more shells not unlike those of a shell-and-tube condenser. In some 
absorbers the weak solution from the generator and the vapor from the 
evaporator are introduced at the bottom and the strong solution is drawn 
off from the top. In others the weak solution is distributed across the top 
and flows down over the water-cooling tubes to the bottom, where as a 
strong solution it is drawn off. The ammonia vapor in this case is intro- 


r 



Fig. 15.2. Practical absorption system. 

• V , ■■ 

duced at about the middle of the horizontal shell. When multiple shells 
are u§ed, they may be placed one above the other, and the solution flows 
down from one to the next with vapor being introduced into each shell. 
The cooling water may flow upward from shell to shell in series. Double¬ 
tube absorbers have also been used but are considered obsolete. 

The purpose of the cooling water in the tubes is to remove the heat 
of condensation and heat erf absorption as the vapor condenses and is 
absorbed by the weak solution. Keeping the aqua ammonia as cool as 
possible permits it to absorb more vapor and to become a stronger 
solution. 

Generator. In the generator, energy is added to the system from an 
external source, usually being obtained from steam condensing in a coil 
or possibly from a direct-fired gas burner. The generator unit may con¬ 
sist of a horizontal shell partly filled with strong aqua automatically 
maintained at a constant level and covering the submerged steam or hot 
gas tubes. Connections must be provided for the strong aqua from the 
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absorber and the return solution from the rectifier to enter and for the 
vapor and the weak aqua to leave. 

Another type consists of several vertical shell-and-tube heaters with 
aqua circulating through small tubes surrounded by steam introduced 
near the top. The tops of the heaters are connected to a common hori¬ 
zontal surge drum that has individual drop legs extending to the bottom 
of each heater. Vapor leaves from the surge drum, and circulation in the 
unit approximates that in a water-tube steam boiler. 

Analyzer. The analyzer unit, sometimes referred to as an “open”- 
type cooler, may be built as an integral part of the generator or made as 
a separate piece of equipment. Both the strong aqua from the absorber 
and the aqua from the rectifier are introduced at the top and flow down¬ 
ward, usually over trays and into the generator. In this way considerable 
liquid surface area is exposed to the vapor rising from the generator. 
The vapor is cooled and most of the water vapor condenses, so that mainly 
ammonia vapor leaves the top of the analyzer. Because the aqua is 
heated by the vapor, less external heat is required in the generator. 

Rectifier. The rectifier is a “ closed ” type vapor cooler. Its purpose 
is to cool further the vapor leaving the analyzer so that the remaining 
water vapor is condensed, leaving only dry or anhydrous ammonia vapor 
to flow on to the condenser. The rectifier is generally water-cooled and 
may be of the double-pipe, shell-and-coil, or shell-and-tube type. Tem¬ 
peratures of 100 to 120 F will usually dehydrate the ammonia sufficiently. 
Lower temperatures will cause too much ammonia to go into solution and 
leave with the liquid “drip” that returns to the analyzer and generator. 

Aqua Heat Exchanger. The heat exchanger, located between the 
absorber and the generator, serves to cool the weak aqua by heating the 
strong aqua. The strong aqua has the greater heat capacity per pound 
and flows through in greater quantity than the weak aqua. Double-pipe 
exchangers are used in the small systems, whereas shell-and-tube con¬ 
struction is preferred for the large-capacity plants. 

Analyses of some systems have indicated that removal of the water- 
cooled weak-aqua cooler and the installation of more surface in the aqua- 
to-aqua heat exchanger make for improved economy. 

Detailed descriptions of many actual systems may be found in the 
literature.*•* A typical flow diagram is shown in Fig. 15.3. 

16.4. Refrigerant Absorbent Combinations. Properties of refriger¬ 
ants were discussed in Chapter 5. Table 15.1 lists desirable properties 
of a solvent and of solvent-refrigerant combinations for absorption refrig¬ 
eration. The items influenced by the characteristics of each property 


‘Taylor, R. S., “Heat Operated Absorption Units.” Refrigerating Engineering. 
Vol. 49, No. 3 (March, 1945), p. 188. 

* Taylor, R. S., “Heat Operated Refrigerating Machines of the Absorption Type.” 
Refrigerating Engineering, Vol. 17, No. 5 (May, 1929), p. 136. 
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are also indicated. These data, together with some of the following 
information were presented by Hainsworth. 4 


TABLE 15.1 

The Absorption System: Desirable Properties and Characteristics* 


Solvent 

1. Vapor pressure at generator 

temperature should be negli¬ 
gible in comparison to the 
vapor pressure of the refrig¬ 
erant at 100 F 

2. Temperature pressure concen¬ 

tration relations 


3. Stability 


4. Low specific heat 

5. Low surface tension 

6. Low viscosity 


Influence 

Rectifier losses and operating cost 


Solvent should remain liquid throughout the cycle. 
Relations must be in confirmation with practi¬ 
cal condenser, absorber and generator temper¬ 
atures and pressures. Rate of circulation 
Capable of withstanding heating operation at the 
maximum temperatures encountered in the 
generator 

Heat transfer requirements 

Heat transfer and absorption 

Heat transfer, power for pumping • 


Solvents Ref rigerant Combination 
1. Solubility 


2. Stability 


3. Superheating and supercooling 


Influence 

High solubility of the refrigerant at temperatures 
of cooling medium (air or water) and at a pres¬ 
sure corresponding to the vapor pressure of the 
refrigerant at 40 F. Low solubility of the re¬ 
frigerant in the solvent at generator tempera¬ 
tures and at a pressure corresponding to the 
vapor pressure of the refrigerant at temperature 
of cooling medium (air or water) 

Solvent and refrigerant must be incapable of any 
non-reversible chemical action with each other 
within a practical temperature range (20 F to 
250 F) 

Affects operation 


The absorbent should have a greater affinity for the refrigerant than 
the ordinary law of solubility would indicate. Very little heat is liberated 
when the Freons, nitrogen, or certain other gases are dissolved in water. 
However, water has a high affinity for ammonia, and considerable heat 
is evolved during the absorption. Thus the quantity of heat liberated 
in absorption is a crude measure of the affinity. The desirable absorbent 
refrigerant combination should have this property of high solubility at 
conditions in the absorber but should have low solubility at conditions 
in the generator. 

As with refrigerants for compression systems, there is no single com¬ 
bination that excels in all the desirable properties. The choice depends 


4 Hainsworth, W. R., “Refrigerants and Absorbents.” Refrigerating Engineering , 
Vol. 28, Nos. 3 and 4 (August and September, 1944), pp. 97, 201. 

4 From Hainsworth, W. R., “Refrigerants and Absorbents.” Refrigerating Engi¬ 
neering, Vol. 48, No. 3 (September 1944), p. 201. 
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upon the application and economics involved. Hainsworth listed 49 
refrigerants coupled with various absorbents to give 180 combinations as 
possibilities. 

Ammonia and water were used by Carr6 in 1860, and this combination 
still is the most common mixture today. Thermodynamic properties of 
this mixture have been published recently which should provide data to 
calculate, more accurately than before, the theoretical heat transfer in 
various parts of the system.® Other mixtures used to some extent include 
water and lithium bromide, Freon-12 and ethyl ether of diethylene glycol 
acetate, and methylene chloride and dimethoxytetraethylene glycol. 

16.6. Absorption vs. Compression. The following summary of the 
advantages of absorption systems over compression systems gives some 
indication of the types of applications where they should be considered. 

1. Since the only moving part of the entire sjstem is the aqua pump, 
the operation is essentially quiet and subject to very little wear. The 
pump motor, engine, or turbine is quite small compared with the driving 
equipment required for a compression system of the same capacity. 

2. Absorption systems are usually designed to use steam, either at 
high pressure or at low pressure. Waste or exhaust steam from other 
equipment may be used. There is no need for any electric power, 
although the pump is usually motor-driven. Steam that is bled from 
a turbine for heating in winter is needed less or not at all in summer, when 
more steam may be needed for refrigeration. 

3. An absorption unit can operate at reduced evaporator pressure and 
temperature by increasing the steam pressure to the generator, with little 
decrease in capacity, whereas the capacity of a compression system drops 
rapidly with lowered evaporator pressure. Some applications require 
different evaporator temperatures at different times of the month or year. 
To cite specific examples, a single-stage compressor at 35 psi gage suction 
and 165 psi gage condensing will have its capacity reduced from 100 to 
47 tons if the suction pressure is lowered to 10 psi. A typical absorption 
unit designed for 100 tons at 35 psi suction and 165 psi condensing when 
supplied with steam at 3.5 psi gage will produce 100 tons as well at 10 psi 
suction if the steam pressure is increased to 20.7 psi. 7 

4. At reduced loads the absorption unit is almost as efficient as at full 
capacity. Load variations are met by controlling the quantity of aqua 
circulated and the quantity of steam supplied to the generator. 

5. Liquid refrigerant leaving the evaporator has no bad effect other 
than slightly unbalancing the system temporarily. However, so-called 


* Scatchard el al., “Thermodynamic Properties of th^Saturated Liquid and Vapor 
of Ammonia-Water Mixtures.'’ Refrigerating Engineenng, Vol. 53, No. 5 (May, 
1947). 

7 York Ammonia Absorption Systems. York, Pa.: York Corporation, 1940. 


, §15.5] ABSORPTION REFRfGf'R.XTION 54 5 

liquid slopovor is ddttfineftfcal to a compressor and requirespreventive 
measures in compression systems. In applications where frequent toad 
fluctuations occur, .-such as oil retmerk's. rhtK feature is important. 

f». Absorption unit* «iui he Inulfc m.capacities kcII above 100l> tons'' 
each, to date fdri^li^e hdtuptessor Htitta.' Mfisorp- '; 

tion systems, except for the dpmesj-io emits aftd for the latest comfort 



% ''fe.Siirnmt? Air Otavvlimil: Am«;riv;jii» C*i\$ A^nriahon T»’-s( jn>r 

J^horftioHds^ Iie«ftarcli Bnltetirs Sir. 18. 1#43. .V •' ; -v V- 
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when electricity is 1.5 cents per kilowatt-hour and gas costs about 7 cents 
per 100,000 Btu, or with electricity at 2.5 cents and gas at about 11.5 
cents. Lower gas rates or higher electric rates favor the absorption unit, 
whereas higher gas rates or lower electric rates favor the compression unit. 

Without a cooling tower, equal operating costs result with electricity 
at 1.5 cents per kilowatt-hour and with gas at about 2 cents per 100,000 


K 

i 

x 




Fig. 15.5. Comparative operating costs of absorption- and 
electric-compression units with cooling tower. From AGA 
Research Bulletin No. 18, 1943. 


Btu or with 2.5 cent electricity and about 8 cent gas rates. These com¬ 
parisons and others are given in Figs. 15.5 and 15.6. 

16.6. Domestic Unit. The domestic absorption-type refrigerator 
was developed from an invention by Carl Munters and Baltzer von Platen, 
who did their original work in 1925 while undergraduates at the Royal 
Institute of Technology in Stockholm. American rights were acquired 
from the Swedish Electrolux Company by Servel, Inc. 

Ammonia is used as the refrigerant because it possesses most of the 
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desirable properties. It is toxic, but since the system has no valves or 
moving parts, there is very little chance for leaks, and the total amount 
of refrigerant used is small. Liquid ammonia evaporates in the presence 
of air or other gases; the lighter the gas, the faster the evaporation. Since 
hydrogen is the lightest gas and is also noncorrosive and insoluble in water, 
it is used in the low side of the system. Water is used as the solvent 



Fig. 15.6. Comparative operating costs of absorption- 
and electric-compression units without cooling tower. From 
AG A Research Bulletin No. 18, 1943. 


because of its ability to absorb ammonia readily. Thus the three fluids 
used are ammonia, hydrogen, and water. 

If liquid ammonia is introduced at the top of the system as shown in 
Fig. 15.7, it flows into the evaporator and evaporates. Hydrogen passes 
upward in the evaporator counterflow to the liquid ammonia that falls 
from one level to another. The ammonia vapor and hydrogen leave the 
top of the evaporator and pass through the gas heat exchanger, where 
they are warmed by the hydrogen flowing to the evaporator. They then 
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flow through the spherical vessel on the left and into the absorber. Water 
is introduced at the top of the absorber absorbing the ammonia as it passes 
counterflow through this unit. The hydrogen leaves the top of the 
absorber and flows through the heat exchanger on its way to the evap¬ 
orator. The strong ammonia solution leaves the bottom of the absorber 
and flows into the generator at the lower right on the diagram. 



Heat is applied at the generator, which drives the ammonia vapor out 
of solution. This vapor would easily rise into the condenser, but some 
means of elevating the remaining weak aqua so that it can flow into the 
top of the absorber must be used. The principle of the bubble pump is 
applied here: The discharge tube from the generator is extended down 
below the liquid level in the generator. As the vapor ammonia bubbles 
form .and rise, they carry slugs of the weak ammonia solution with them 
up the discharge tube and into the separating vessel. From here the 
weak solution flows to the absorber to repeat its cycle, and the ammonia 
vapor flows to the gravity air-cooled condenser to be liquefied and thei^ 
flows into the evaporator. Note the “U” bends in the weak solution line 
to the absorber and in the liquid line to the evaporator. These prevent 
the hydrogen from getting into the high side of the system. 
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The absolute pressure in the condenser ia abfjhi the same as in the 
evaporator Smhe practically pure ammonia is in (he condenser, its 
vapor pressure there is substantially equal to the total pressure In titif 
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Thrprecedmg describe ihe baaic tjiBits arjd operation of 

the Eleetroiux system. Actually,- several reftnefaents have Ifeea ftddeti 
t,o increase the efficiency and improve the perforotance. a *r* F%, 
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| ser and evaporator each consist of two 
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enthalpy, and weight at each point. This procedure has been followed 
in Table 15.2, with the points of the system designated in the first column 
on the left. The numbers in the table refer to the following steps, in 
which the method of determining each value is explained. The general 


TABLE 15.2 


Point 

Pressure, 

V 

Temper¬ 

ature, 

t 

Flow 

Weight, 

W 

Concen¬ 

tration, 

* 

Specific 

Enthalpy, 

h 

a 

1 

8 

1 

6 

8 

b 

3 


4 

6 


c 

1 

1 

4 

6 

18 

d 

3 

9 

4 

6 

17 

€ 

3 

1 

12 

6 

7 

f 

3 


12 

6 

16 

g 

3 

1 

12 

5 

5 

h 

3 

1 

14 

5 

5 

i 

3 


13 

5 

5 

J 

3 

1 

11 - 

5 

5 

k 

3 



6 

19 

m 

3 

1 

4 

5 

5 


method used here has been presented previously in the ASRE Data Book 9 
and by Raber and Hutchinson. 10 

Analtsis Procedure 

1. The following conditions are desired or assumed: 

A. One pound of liquid per time unit leaves the condenser. 

B. Suction pressure p e = 20 psi*- 

C. Suction temperature t e = 10 F. 

D. Strong aqua from absorber temperature t. = 90 F. 

E. Generator temperature <, = 200 F. 

F. Condenser pressure p„ = 155 psi." 

G. Vapor leaving rectifier temperature t m = 130 F. 

H. Drip leaving rectifier temperature U = 130 F. 

I. Strong aqua from exchanger saturated at t g which is 20 F less than weak 

aqua from generator at f,-, t g = tj — 20 = 180 F. 

J. Vapor leaving analyzer 10 F above aqua entering analyzer <» = <„+ 10 

- 190 F. 

K. Vapor leaving precooler is 10 F below liquid from condenser. 

L. Equilibrium concentration exists for vapor m leaving rectifier, vapor h 

leaving analyzer, aqua j leaving generator, aqua g leaving exchanger, 
and aqua a leaving condenser. 

M. Pressure drop through each unit is 2 pBi. 

• Refrigerating Data Book, 5th ed. New York: American Society of Refrigerating 
Engineers, 1943, p. 43. 

10 Raber, B. F., and Hutchinson, F. W., Refrigeration and Air Conditioning Engi¬ 
neering. New York: John Wiley & Sons, Inc., 1945, Chapter V. 
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2. The necessary values for the analysis are tabulated as determined and 
shown completed in Table 15.3. 

3. From steps IB, IF, and 1L the pressure at the various points may easily 
be calculated. 

4. The rate of flow or weight at m, h, c, and d is the same as at a, which is 
1 lb per unit time. 

5. By reference to a chart of aqua-ammonia properties, such as the one in 
the Appendix, the concentration and enthalpy at g, h, t, j, and m may be read 
since the pressure and temperature at each point are known. Note that there 
is vapor at h and m and liquid at g, i, and j. x* = 0.962, x< = 0.60. 


TABLE 15.3 


Point 

Pressure, 

V 

Temper¬ 

ature, 

t 

Flow 

Weight, 

W 

Concen¬ 

tration, 

X 

Specific 

Enthalpy, 

h 

Total 

Enthalpv, 

H 

a 

155 psi 

87 F 

1 pound 

0.994 

137 Btu/lb 

137 Btu 

b 

153 


i 

0.994 

61 

61 

c 

20 

10 

1 

0.994 

584 

584 

d 

18 

77 

i 

0.994 


660 

e 

16 

90 

9.67 

0.437 

-15 

-145 

f 

163 


9.67 

0.437 

- 7.8 

74 

a 

161 

180 

9.67 

0.437 

87 

841 

k 

159 

190 

1.097 

0.962 

718 

788 

i 

157 

130 

0.097 


54 

5 

j 

155 

200 

8.67 

0.372 


936 

k 

153 


8.67 

0.372 

2.2 

19 

m 

157 

130 

1 

0.994 

667 

667 


6. Then concentration x, — x f = x„ = 0.437. x a = x* = x e = it = x m = 
0.994 and x* = x, = 0.372. 

7. The enthalpy of the subcooled liquid at e is read as heat of liquid opposite 
the concentration and temperature point, h. = —15. 

8. Enthalpy and temperature at a may be read from the liquid concentration 
and pressure values. h a = 137, t a = 87 F. 

9. From IK, td = t a — 10 = 77 F. 

10. Analyzing the absorber, 

W. = W k + W d and x.W. = xJF* + x d W A 


By substitution, 


xJV k + x t Wd = x k W k + x d Wd 

_ Wd(Xd - x.) _ 1(0.994 - 0.437) 

* (x e - x*) ' ~ (0.437 - 0.372)' 

11. Wj = IF* = 8.67 lb 

12. W e = II'* + Wd = 8.67 + 1 = 9.67 = W, = IF 


8.67 lb 


or 
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13. Analyzing the rectifier, 

W k = W t + W m and x h W h = x,II\ + x m W m 
By substitution, 

Xk Wi + x k W m = XiWi + x n W m 
jjr W m (x m - x k ) 1(0.994 - 0.962) n _ 1L 
"■ - (x. - i,) ■ “ (0.962 - 0.600) = 0 097 Ib 

14. = Wi + W m = 0.097 + 1.0 = 1.097 lb 

144(p/ — p t )W. 


or 


15. The pump work = 


778 X - X v 

Ve 


v. = (1 — x.) volume of water + (0.85x«) volume of NHj 

Using steam and ammonia tables for the volumes, 

v t = (1 - 0.437)0.0161 + 0.85 X 0.437 X 0.02707 = 0.0191 cu ft 

Assuming pump efficiency as 70%, 

T1 , 144(163 - 16)9.67 „ 

Pump work =--- = 7.2 Btu 


778 X 


1 


0.0191 


X 0.70 


16. h/ = h. + pump work = —15 + 7.2 = —7.8 Btu 

17. The total weight of ammonia at d is equal to the sum of the weights of 
ammonia in the aqua and in the vapor, or 

XiWi - XdaWda + (TFrf — Wda)Xdv 

Knowing the pressure pt and temperature td, the concentration and enthalpy 
of the aqua, Ida and h d a, and of the vapor, Xdr and hdv, may be found from the 
chart. 

From the above equation, 

trr _ iir — x d) . (0.994 — 0.994) 
rfo “ “ (Xd. - Xda) ~ (0.994 - 0.427) 

and hd — Wdahda (Wd — Wda)hd* 

But when Xd is equal to Xdv, as in this example, or greater than Xd„ the mixture 
at d is dry-saturated or superheated. Raber and Hutchinson have suggested 
the following empirical equation for such cases: 

= 17p(17 - 0.8x,)(l - x,) 

V (17 + x.) 

where p” = partial pressure of water vapor over an aqua ammonia solution in 
equilibrium with vapor at Xd and Pd and is approximately equal to the partial 
pressure of the water in the superheated mixture at d. 

p = saturation pressure of pure water at t e 

x, = ammonia concentration in a solution in equilibrium with vapor at Xd 
and pd 
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The enthalpy of superheated steam, hj ", at pa and ta may be calculated in 
accordance with the explanation given for equations 9.10 and 9.11. 

The partial pressure of ammonia in the vapor is p/ = pa — pa". 

The enthalpy of superheated ammonia, ha, is read from an ammonia table 
or chart at pa and ta'. 

The enthalpy of the mixture at d is therefore ha = Xaha + (1 — xa)ha". 

Substitution of values from our example gives 

_ 17 X 0.46(17 - 0.8 X 0.43)(1 - 0.43) 

Pd (17 + 0.43) *** 

ha' at 0.248 psi and-77 F = 0.1061 + 0.444 X 77 = 1095.1 Btu 
pa' = 18 - 0.248 = 17.75 psi 
ha' at 17.75 psi and 77 F = 657 Btu 
ha = 0.994 X 657 + 0.006 X 1095.1 = 660 Btu 

18. At c the entrained aqua quantity is 


0.248 psi 


W ea = W e 


(lew ~ X e ) 


* (x„ - Xeo) 

and he = W ca h (a + (TF C — W„,)A„ 

The concentration and enthalpy values may be read from the chart at p c , t e . 

, (0.9995 - 0.994) 0.0055 ’ 

Th ' n ly "-‘ (0.9995 - 0.89) ~ 0095 - 0 052 lb 

and h, - 0.052 X 10 + (1 - 0.052)615 = 584 Btu 

19. Relative to the heat exchanger, ’ 

JF*(A, - hu) = W t (h 9 - h f ) 

or A* = Ay — ^ (A, - A,) 


Then 


A* = K)8 - ~ (87 + 7.8) = 2.2 Btu 
o.o7 


20. Relative to the subcooler, 

Ao ” ha (Ad A e ) 

or A* = 137 - (660 - 584) = 61 Btu 

A heat balance can now be calculated for the system: 


Refrigerating effect H c — H b = 584 — 61 = 523 

Heat added in generator //* + //, — H ( — H g 

= 788 + 936 - 5 - 841 = 878 
Energy added by pump = 7 

Total heat added = 1408 Btu 

Heat rejected in absorber Ha + H k — H. = 660 + 19 + 145 = 824 

Heat rejected in condenser H m — H 0 = 667 — 137 =, 530 

Heat rejected in rectifier Hk — H m — Hi = 788 — 667 — 5 = 116 


Total heat rejected 


1470 Btu 
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Unaccountable heat 1470 — 1408 = 62 Btu 

62 

1408 4A% 

16.8. Other Systems. In addition to the absorption cycles described 
in §§15.3 and 15.6, there are multistage systems. One two-stage cycle 
uses two evaporators, each operating at a different pressure with two 
absorbers but with a single generator and one condenser. Another type 



Fig. 15.11. Simple resorption system. 


has two absorbers and two generators with one condenser and one evap¬ 
orator. Still other combinations are possible. 

There also is a resorption system as diagrammed in Fig. 15.11. > The 
condenser is replaced by a resorber, in which the vapor is not condensed 
to a pure liquid but is absorbed by a special weak solution while condens¬ 
ing. This weak solution is circulated from the evaporator by a pump. As 
the vapor is condensed and absorbed in the resorber, heat is given up and 
is removed by the cooling water. The solution then flows through the 
expansion valve to the evaporator. As the ammonia boils in the evapo¬ 
rator, the heat of vaporization and the heat of disassociation both produce 
the refrigerating effect. More cooling effect can thus be produced than 
in the usual absorption system, but an extra, pump is required. Com¬ 
bination resorption and adsorption cycles may also be used for special 
applications. 

16.9. Chemical Dehumidification. Chemicals are sometimes used 
separately or in conjunction with refrigeration to remove undesired 
moisture from air, particularly for many industrial air-conditioning 
applications requiring either a low relative humidity or low dew-point 
temperature in the room. Straight refrigeration for many of these appli¬ 
cations would not be economical or practical. The refrigeration engineer 
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should be familiar with these other methods used for dehumidification 
and should understand the principles involved, as well as the advantages 
and disadvantages. The two types of substances used for dehumidifica¬ 
tion are absorbents and adsorbents. 

Absorbents are substances which can take up water vapor but which 
in so doing change chemically or physically, or in both respects. Mate¬ 
rials commonly used include solid calcium chloride, which is employed 
principally in small cartridge-type driers or in desiccating chambers. 
Only the exposed surface is effective; it soon becomes pasty and then 
crusty, thus preventing air from contacting the material underneath. 
Water solutions or brines of calcium chloride, lithium chloride, lithium 
bromide, and ethylene glycol are used as air dehydrators by spraying or 
otherwise exposing a large surface of the solution in the air stream. 

A desirable absorbent is capable of having its reduced vapor pressure 
controlled (obtained by controlling the concentration and temperature 
of the solution), is available at reasonable cost, noncorrosive, odorless, 
nontoxic, noninflammable, chemically inert against air impurities and 
equipment material, stable through range of use, low in viscosity, and 
capable of easy regeneration or reconcentration after absorbing the mois¬ 
ture. As moisture is absorbed, its latent heat is given up as well as the 
heat of solution, which heats the absorption solution and may also raise 
the temperature of the dehydrated fluid. In some air-conditioning appli¬ 
cations it is necessary to pass the air over an aftercooler. 

Adsorbents are substances in the solid state that contain numerous, 
minute pores into which moisture or other vapors from the surrounding 
medium are easily drawn or attracted. This process takes place without 
permanently changing the substance either chemically or physically. The 
vapors adsorbed can be driven off later by the application of heat, thus 
reactivating the substance so that it can be reused. The materials most 
commonly used are silica gel, which is a form of silicon dioxide prepared 
by mixing sulfuric acid with sodium silicate, and activated alumina, which 
is a porous amorphous form of aluminum oxide. A silica gel unit with a 
rotating gel bed is shown in Fig. 16.12. The left fan exhausts the gas- 
heated reactivation air leaving part of the gel bed. The right fan dis¬ 
charges the dehumidified air leaving the reactivated gel in the other 
portion of the rotating bed. 

Desirable properties for an adsorbent include suitable vapor-pressure 
characteristics, availability at reasonable cost, absorptivity of sufficient 
moisture per pound of substance, chemical stability, physical ruggedness, 
and capability of repeated reactivation at reasonable temperatures. 

16.10. Applications. An economic study often indicates that some 
means of dehumidification other than refrigeration would be more desir¬ 
able in air conditioning when the load has a low sensible-heat factor or 
calls for a low apparatus dew point. Although absorption or adsorption 
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equipment has been used for a few comfort applications, particularly 
restaurants, the majority of the installations are for industrial applica¬ 
tions. These include the manufacture of rugs, chemicals, safety glass, 
electrical equipment, plastics, and paper products; the drying of 
oils, leather, lacquers, and films; and air conditioning museums, libraries, 
vaults, and telephone exchanges. In each the control of humidity is of 
prime importance. 

No set rule can be applied to determine whether refrigeration or some 
other form of dehumidification will be more economical. In general, it 
has been found that chemical dehydration should be used when a dew 
point under 32 F is required in a room with a dry bulb over 32 F, and that 
adsorption systems become favorable when the latent load is 30 per cent 
or more of the total load. 

The following items should be considered, since they influence the 
first cost of dehumidification equipment: apparatus dew point, water 
availability and temperture, load variations, and room temperatures. 
An apparatus dew point above 40 F is generally more favorable to refrig¬ 
eration, whereas one below 40 F may be more partial to other means. A 
water temperature of about 65 F is another dividing line. Chemical 
equipment is favored with a lower water temperature until it is within 
5 F of the apparatus dew-point temperature; then combination water and 
refrigeration or all water cooling may be better. When constant humid¬ 
ity must be maintained under wide load fluctuations or when dry-bulb 
temperatures over 90 F or under 50 F are required, chemical equipment 
may be more favorable. 

Operating costs must also be considered. These depend upon elec¬ 
tricity and gas or steam rates. With water-cooled refrigeration, the 
water quantity used for each general method is about the same. Equip¬ 
ment using a liquid absorber is generally greater in first cost than adsorp¬ 
tion or refrigeration equipment. It is best suited where low relative 
humidities and the high dry-bulb temperatures are desired, in which 
case the operating costs are generally less than for the other types of 
systems. 
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PROBLEMS 

16 . 1 . Calculate the heat balance for an aqua-ammonia absorption system in 
which the suction pressure is 40 psi, suction temperature is 30 F, strong aqua 
from absorber is at 100 F, generator is at 210 F, condenser is at 165 psi, vapor 
and drip from rectifier are at 135 F, strong aqua from exchanger is at 190 F, and 
other general conditions are the same as in the example in §15.7. 

16 . 2 . Calculate the heat balance for an ammonia absorption system for the 
same conditions as given in Example 15.1 but with an evaporator suction tem¬ 
perature of 10 F and a pressure of 20 psi. 

16 . 3 . Compare the operating costs of a 3-ton electric compressor unit with 
that for a 3-ton absorption unit, each using a cooling tower, if electricity costs 
3 cents per kilowatt-hour and gas of 500 Btu per cubic foot costs 50 cents per 
1000 cu ft. 

16 . 4 . Compare the operating costs of 3-ton electric compressor and absorption 
systems without cooling towers if electricity costs 2.3 cents per kilowatt-hour 
and gas of 1000 Btu per cubic foot costs 70 cents per 1000 cu ft. 

16 . 6 . Determine whether chemical dehydration or refrigeration equipment 
would tend to be more favorable under the following conditions: (a) room con¬ 
ditions of 70 F dry bulb and 30 per cent relative humidity, available water 
temperature at 65 F; (b) room conditions of 60 F dry bulb and 40 per cent relative 
humidity with 65 F water. 


CHAPTER 16 


Low-Temperature Refrigeration 

16.1. Introduction. The first low-temperature refrigeration systems 
were developed primarily for the solidification of carbon dioxide and the 
liquefaction and subsequent fractional distillation of such gases as air, 
oxygen, nitrogen, hydrogen, and helium. Oxygen was liquefied as early 
as 1877 by Coilletet and Pictet; Dewar, applying Joule-Thomson expan¬ 
sion of the gas, succeeded in liquefying hydrogen in 1898. At atmospheric 
pressure liquid oxygen boils at 90.2 K ( — 297.3 F) and liquid hydrogen 
at 20.4 K (—423 F). Liquefaction of helium was accomplished by 
H. Kamerlingh Onnes in 1908 in the famous cryogenic 1 laboratories of 
the University of Leiden. By evaporation of liquid helium under high 
vacuum, temperatures as low as 1.1 K ( — 457.7 F) were initially attained, 
and by improvements in the apparatus 0.7 K (—458.4 F) was reached 
by the year 1928. It was not until 1933 that Giauque and Debye inde¬ 
pendently proposed the adiabatic demagnetization of paramagnetic salts 
as a means of attaining lower temperatures, and through their methods 
0.1 K was reached. To date the lowest temperature successfully reached 
by this method is 0.004 K. 

By the use of modern measuring instruments, temperatures on the 
earth's surface ranging from 136 F (at Tripoli) to —90.4 F (at Verkho¬ 
yansk, Siberia) have been recorded; stellar temperatures ranging from 
50,000,000 F at the center of the sun to 3 K in interstellar space have been 
approximately determined. As noted in the preceding paragraph, lower 
temperatures have been attained in the laboratory. Before studying the 
methods by which such temperatures can be produced, it is first desirable 
to review the evolution of the temperature scales together with modem 
concepts of heat. Without knowledge of the meaning of absolute zero 
a study of its experimental approach means little. 

16.2. Temperature Scales. The struggle to attain increasingly higher 
and lower controlled temperatures in the laboratory has been a continuing 
one since the first modem concepts of heat were expounded. The 
American physicist Benjamin Thompson, Count Rumford, conducted his 
classical experiment of quantitative heat measurement While boring a 
cannon for the King of Bavaria in 1790; Helmholtz published the first 

1 The term “cryogenic” is derived from the Greek word kryos, meaning cold or 
frost, and is frequently applied to very low-temperature refrigeration applications 
like those encountered in the liquefaction of gases and in the study of physical phe¬ 
nomena at temperatures approaching absolute zero. 
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generalized concept of heat in his paper on the conservation of energy in 
1847. Prior to that time the theory most adhered to was proposed by 
a Prussian physician, Stahl, who died in 1734. He presumed that heat 
was a material substance to which he gave the name of phlogiston. 

Our most fundamental concepts of heat are obtained through the 
sensations experienced when we touch objects that we say are “hot" or 
“cold.” Qualitative measurements of these sensations must be made, 
however, .through the physical changes which occur in bodies when 
exposed to these different environments of temperature. Those most 
commonly applied are changes in volume (such as in a mercury thermom¬ 
eter), changes in pressure (as with the constant-volume gas thermometer), 
changes in electrical resistance (as with the resistance thermometer), 
changes in radiation (as with the optical pyrometer), and changes in 
electromotive force (as in a thermocouple-potentiometer system). Since 
all of these changes can be measured with reasonable accuracy, any of 
them may be used for relative temperature measurements. 

In order to establish a usable temperature scale it is first necessary 
to set two fixed points. In the centigrade scale, 100 and 0 are taken as 
the boiling and freezing points of water at atmospheric pressure. In the 
Fahrenheit scale, body temperature was originally assumed to be 100, 
and the lowest temperature attainable with a mixture of ice and salt was 
thought to be 0. Translation to the more accurately determined boiling 
and freezing points of water at 212 and 32 F (14.7 lb per square inch 
atmospheric pressure) have resulted in a reevaluation of the original 
fixed points and their reassignment to other values on the scale. 

Although all standard measuring devices show reasonable agreement 
between the two fixed points, extrapolation to very high or very low tem¬ 
peratures beyond these had led to many difficulties. The physical prop¬ 
erty incorporated in the device, such as change of volume, does not change 
equally for a definite temperature increment at different parts of the scale. 
Furthermore, this deviation from the linear varies between different types 
of temperature-measuring instruments. Hence some standard must be 
established that should be independent, if possible, of the physical prop¬ 
erties of any substance. 

After Carnot conceived his cycle, William Thomson (Lord Kelvin) 
incorporated this principle in the definition of a temperature scale entirely 
independent of the properties of any substance. This thermodynamic 
temperature scale, in the modified form developed later by Kelvin, pro¬ 
posed, first, that there be a Carnot-cycle system operating between two 
temperatures To and T\ and, second, that between these temperatures 
there be a series of Carnot engines, the first receiving Qi heat units and 
rejecting Q 2 heat units, the second receiving these Q 2 heat units and reject¬ 
ing Qt heat units, and so on. This series is illustrated in Fig. 16.1. If 
these Carnot cycles are so chosen that the quantities of work performed 
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by each cycle are equal, then 


(Qi - Qt) = (Qt - Q») = (Q, - Q<) = 


and 

Then 

or 


Vi = 


Qi — Qt _ Ti — Tt _ Qt — Qt 
Qt T x ’ Vi Qr 

Qi ~ Qi _ Qi _ Qt — Q% _Qt_ 

Ti - T t Ti Tt - T t Tt 

Qi _ Qt __ Qt _ 

Ti Tt ~ Tt 



Therefore, if the number of equal Camot-cycle work quantities in the 
temperature interval between melting ice and condensing water vapor 



Fig. 16.1. Thermodynamic temperature scale based 
on series of Carnot heat engines. 


is fixed at 100 units, a temperature scale has been established which is 
independent of the physical properties of any substance. Such a scale 
is called the Kelmn scale (K) or the absolute centigrade scale. If the num¬ 
ber of work quantities in the temperature interval between melting ice 
and boiling water is taken as 180 units, the resulting temperature scale 
is called the Rankine or absolute Fahrenheit scale. Absolute zero in either 
case is the lower limit of temperature at which the internal energy of the 
last Carnot engine has been completely expended in performing external 
work. 

Of course such a temperature scale is dependent upon the Carnot cycle 
for its definition—a cycle that can be approached but never attained in 
practice. The actual temperature-measuring instrument most closely 
approaching such a thermodynamic temperature scale in its reading is 
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the constant-volume gas thermometer. Such an instrument, shown in 
Fig. 16.2, is based upon Charles’ law stating that the pressure of a perfect 
gas varies directly with the absolute temperature if the volume is kept 


constant. With hydrogen as the gas 
the pressure usually employed at the 
melting point of ice is 100 cm of mer¬ 
cury. Since it is difficult to find p, con¬ 
tainer impervious to hydrogen at high 
temperatures, nitrogen is commonly 
used for such measurements. Helium 
is generally employed for very low 
temperature measurements because of 
its low liquefaction temperature. 

Complete conformity of the read¬ 
ings obtained on a constant-volume 
gas thermometer with those of the 


Fig. 16.2. Constant-volume gas 
thermometer. 



thermodynamic temperature scale is 


dependent upon the use of a perfect gas. Although there are no such 


actual gases, the degree of deviation from the perfect can be obtained 


III 



PRESSURE 

Fig. 16.3. Isotherms for a typical gas plotted on PV-P 

coordinates. 



either (a) by determinations of the cooling or heating effect of an actual 
gas upon expansion through a porous plug (§16.5) or (b) by determina¬ 
tions of the degree of deviation of the gas from Boyle’s law. For a perfect 
gas, pV — a constant, but for a real gas, such as carbon dioxide (see Fig. 
16.3), this statement is far from accurate. By establishing corrections 
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for such deviations from the perfect it is also possible to establish correc¬ 
tions for the constant-volume thermometer readings to bring them into 
close conformity with the thermodynamic temperature scale. Absolute 
zero on the thermodynamic scale coincides with absolute zero predicted 
experimentally with the gas thermometer. 

Absolute zero temperature can be predicted by first determining the 
change in volume of a perfect gas with a change in temperature at constant 
pressure. From this change the number of degrees drop in temperature 
required to reduce the volume to zero can be calculated. Since a perfect 
gas would contract 1/459.69 of its volume when lowered 1 F at 0 F, 
absolute zero is —459.69 F. 

In 1927 the Seventh General Conference of Weights and Measures, 
including representation from 31 nations, unanimously adopted an Inter¬ 
national temperature scale based upon a series of fixed points accurately 
located by gas-thermometer determinations. This action was taken 
because the gas thermometer is a difficult instrument to use practically 
and, further, because the as yet partially unsolved experimental diffi¬ 
culties involved in the practical attainment of a thermodynamic scale 
made it expedient. Such a series of fixed points enables the calibration 
of a wide range of temperature measuring instruments with reasonable 
accuracy. It was further stipulated that the thermodynamic centigrade 
scale should be recognized as the fundamental scale and that the “ Inter¬ 
national scale should conform ... as closely as possible with the present 
knowledge. ” It is intended that revisions be made in this scale from 
time to time as additional information is evolved. 

The fixed points set for the International temperature scale were 
based upon the temperature of equilibrium (a) between liquid and gaseous 
oxygen (90.19 K), (b) between ice and air-saturated water (273.16 K), 
(c) between liquid water and its vapor (373.16 K), (d) between liquid 
sulfur and its vapor (717.76 K), (e) between liquid silver and solid silver 
(1233.7 K), and (f) between liquid gold and solid gold (1336 K). All 
points were established at essentially standard atmospheric pressure. It 
is evident that this range of fixed temperatures does not extend down to 
extremely low temperatures. However, many low-temperature fixed 
points have been established with reasonable accuracy, although as yet 
there is no international agreement or even complete agreement among 
various investigators as to the exact values. Acceptable values for some 
of these fixed points at low temperatures are shown in Table 16.1. The 
triple point is defined in §3.14, and a transition point may be described 
as a thermodynamic or physical modification that occurs at a definite 
temperature. The temperature at which superconductivity occurs would 
be one such modification. 

16.3. Production of Low Temperatures by Salt-Ice Mixtures. The 

establishment of an acceptable temperature scale for the accurate meas- 
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urement of low temperatures has constituted one of the basic problems 
in cryogenics. Of equal or greater importance, of course, is the develop¬ 
ment of methods by which low temperatures may be attained. 

TABLE 16.1 

Temperatures of Fixed Points below the Oxygen Points* 


Fixed Point Temperature, K 

Oxygen, boiling point. 90.2 

Carbon monoxide, boiling point. 81.7 

Tetrafluoromethane, transition point..'. 76.2 

Carbon monoxide, triple point. 68.1 

Oxygen, triple point. 54.3 

Oxygen, transition point. 43.8 

Nitrogen, transition point. 35.6 

Neon, boiling point. 27.1 

Normal hydrogen, boiling point. 20.4 

Normal hydrogen, triple point. 14.0 

Helium, boiling point. 4.2 

Helium, transition ( 7 ). 2.2 


One of the earliest recorded methods of artificially obtaining temper¬ 
atures below those of ice, and even now one of the simplest, is to place ice 
in contact with salts, such as ammonium sulfate or sodium chloride. The 
salt, when in contact with the ice, forms a salt solution with the trans¬ 
formation requiring the absorption of heat. This quantity of heat is 
equivalent to the latent heat of the ice minus the heat of solution and, 
if the mixture is thermally insulated, is supplied by energy contained in 
the mixture itself. The formation of the saline solution dissolves more 
ice, and this process continues until a minimum temperature is reached, 
depending upon the salt used. The equilibrium diagram for ice and 
ammonium sulfate is shown in Fig. 16.4. In this case contact between 
the salt and ice forms a solution of 42 per cent ammonium sulfate by 
weight. More ice is then dissolved and the temperature is lowered until 
the mass reaches a minimum temperature of 19.1 C (—2.4 F) and a con¬ 
centration of 38 per cent. 

16.4. Production of Low Temperatures by the Expansion of Gases. 

Gases may be used to produce refrigeration without a change of phase 
in two different ways: first, by the isentropic expansion of the gas, the¬ 
oretically reversibly, against a restraining force such as a piston; and 
second, by the free, irreversible expansion of the gas from a comparatively 
high pressure through an orifice or other restriction to a lower pressure. 
Each method will be discussed in turn. 

Isentropic Expansion of Gas. This is the method of refrigeration 
employed in the air refrigeration cycle discussed in §6.2 and at present 


* Adapted from Hoge, Harold J., “Practical Temperature Scale Below the Oxygen 
Point and a Survey of Fixed Points in This Range,” in Temperature, Its Measurement 
and Control in Science and Industry, American Institute of Physics. New York: 
Reinhold Publishing Corporation, 1941, p. 152. 
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utilized in some aircraft refrigeration systems. The thermodynamic 
relationships for this process are given in Table 3.1, and the drop in tem¬ 
perature corresponding to a drop in pressure may be found from the 
equation 


Tx = (Pi\ y S 

Ti \PtJ 


(16.1) 


Although a greater lowering of the temperature of a gas may be obtained 
by such an expansion rather than by the irreversible adiabatic expansion 



Fig. 16.4. Ice-ammonium sulphate equilibrium diagram. 

of the gas, practical difficulties limit the use of this process to compara¬ 
tively high temperatures. A moving expansion mechanism, such as an 
engine, may be subject to lubrication difficulties when directly exposed 
to the rapidly lowering temperatures. Irreversible expansion eliminates 
this problem and simplifies the equipment necessary but does so with a 
marked lowering of the efficiency. 

Joule- Thomson or Irreversible Expansion of Gas. The free, irreversible 
expansion of a perfect gas results in no change in temperature. The 
actual drop in temperature experienced by most gases upon free expansion 
between two pressures may be used as a measure of the degree of imper¬ 
fection of that gas and also as a means of refrigeration. The change in 
temperature with drop in pressure at constant enthalpy is termed the 
Joule-Thomson coefficient, 

(!)„ - * < 3 i3 > 


which varies with both the temperature and pressure of the gas. For 
each gas there is an inversion point at which this coefficient is zero; above 
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this point there is an increase in temperature with drop in pressure, and 
below this point the reverse is true. This point, however, is not unique, 
since p varies with pressure as well as temperature. Inversion temper¬ 
atures for several common gases at atmospheric pressure are shown in 
Table 16.2. 


TABLE 16.2 

Triple-Point, Critical, and Inversion Constants 


Substance 

Triple-Point Constants 

Critical Constants 

Maximum 
Inversion 
Temp., F 

Temp., F 

Press, mm Hg 

Temp., F 

Press, Atm. 

Helium. 

-455.8 

38.65 

-450.2 

2.26 

- 418 


(Lower triple point) 




Hydrogen. 

-434.4 

51.4 

-399.8 

12.8 

- 108 

Neon. 

-415.5 

325. 

-379.3 

25.9 


Oxygen. 

-361.1 

2 . 

-181.8 

49.7 


Nitrogen. 

-345.6 

96.4 

-232.8 

33.5 

658 

Argon. 

—308.6 

512.2 

-187.7 

48.0 

842 

Carbon dioxide. 

- 69.9 

3880. 

88.0 

73. 

2246 

Water. 

32.018 

4.579 

. 705.5 

218.5 



(Ice I, 1 

iquid, vapor) 




Air. 



-220.3 

37.2 

626 


The factors affecting the magnitude of the Joule-Thomson coefficient 
may best be defined by the theoretical equations for the porous-plug 
experiment. Since the quantity of dU in the simple energy equation 
(Chapter 3) is an exact differential, this equation may be written 

du = dQ — p dv 
= T ’ ds — p • dv 
However, d(pv ) = p • dv + v ■ dp 

and therefore d(u + pv) = T • ds + v • dp 

since the sum of two quantities that are exact differentials is also an exact 
differential. Because the quantity (u + pv) is, by definition, enthalpy, 

dh = T • ds + v • dp (16-2) 

However, da = dT + (|) t dp, 

4 

and substitution of this equation in equation 16.2 results in 

• dh=T ($), dT+T (M\ dp+rdp (i6 - 3 > 

The partial derivative of equation 16.3 with respect to p and with T 
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constant gives the equation 

®)r- r (£X +F 


and the partial derivative of equation 16.3 with respect to p with h con 
stant results in the equation 



0 


By combination of these two equations, 

'(S).(S),--KD. +v ]--(!). 

--(f),-PS 3 ], «*-« 


However, since it may be proved that 


then 



(16.5) 


In the Joule-Thomson or porous-plug experiment the quantity ob¬ 
served experimentally is the change in temperature per unit pressure 

/ 3T\ 

change or the quantity (— ) • From equation 16.5 it may be seen that 

this, the Joule-Thomson coefficient, is dependent upon two competing 

quantities. The first of these, ( —■) > or the change in internal energy per 

\OP/T . 

unit change in pressure, is usually negative, but the second of these, 
represents the deviation of the gas from the perfect-gas laws 

op J r 


and may be either positive or negative. An illustration of the variation 
that may be expected in this term is shown in Fig. 16.3, in which pV is 
plotted against p for a typical substance. When the right-hand member 
of equation 16.5 is equal to zero, this defies the conditions for the 
inversion temperature or the temperature and pressure conditions under 
which expansion results in neither heating nor cooling of the gas. Under 
these conditions, 



(16.6) 


Above these conditions expansion will result in heating, and below these 
conditions expansion will result in cooling. 
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The values of the Joule-Thomson coefficients are positive for all gases 
under high temperatures and pressures. Under these conditions, there¬ 
fore, throttling results in a warming of the gas. The inversion tem¬ 
perature for most common gases (see Table 16.2) are above those of 
temperatures normally encountered. Therefore, if throttling occurs 
at ordinary temperatures and from high pressures that are not too high, 
a cooling effect results. However, hydrogen and helium behave at ordi¬ 
nary temperatures as most gases do at high temperatures, since their 
inversion temperatures are —108 F and —418 F, respectively. There¬ 
fore, if throttling of these gases is to be used to accomplish refrigeration, 
it is first necessary to cool them below their inversion temperatures by 
some other means. Figure 16.5 shows the temperature-entropy chart 
for air and may be used to determine the Joule-Thomson coefficients for 
this gas by reference to the temperature and pressure changes that occur 
along constant-enthalpy lines. 

Example 16.1. Air at 80 F and 80 peia is expanded to a pressure of one 
atmosphere. Determine the final temperature of the air if (a) expansion occurs 
adiabatically against a restraining force and (b) expansion occurs irreversibly 
through a throttling valve. In case (b) determine the average value of the 
Joule-Thomson coefficient. 

Solution: 


(a) 7\ = 460 + SO = 540 F abs 
Pi = 80 lb per sq in. abs 

Pt = 14.7 lb per sq in. abs 
■y = 1.41 

540 

T '= y g n\ - 4i- -i = -330 F abs 

(147) 141 

h = -130 F 

This same answer may be obtained graphically on Fig. 16.5 by expanding 
isentropically from the initial to the final pressure. 

(b) Graphical expansion along the constant enthalpy path (Fig. 16.5) from 
the initial conditions of 80 F and 80 lb per square inch absolute to the final 
condition of 14.7 lb per square inch absolute indicates a final temperature of 
75 F. From an examination of the temperature-entropy chart it is evident that 
a much greater tenfperature drop could b6 obtained by this means if the expansion 
originated at a higher pressure and a lower temperature. 

The average value of the Joule-Thomson coefficient is 



16.5. Production of Low Temperatures by Evaporation. The absorp¬ 
tion of heat accompanying the transformation of a. liquid to a vapor is 
utilized not only in the standard vapor-compression refrigeration cycle 
but also as a means of producing very low temperatures. The container 
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for the evaporating liquid should be insulated from sources of heat other 
than the liquid itself, and the vapor formed in the process should be 
removed as rapidly as it is formed. By this process the triple point may 
be reached and the substance completely solidified. Hydrogen was solidi¬ 
fied (14.0 K) thus as early as 1899, and helium remained the only gas 
not solidified until 1926. 



Fig. 16.6. Temperature-pressure diagram for liquid 
and solid water. From Journal Franklin Institute , 
Vol. 177, 1914, pp. 315-332. 


Prior to 1926 many unsuccessful attempts had been made to solidify 
helium. Onnes at the University of Leiden had succeeded in lowering 
the temperature to approximately 0.82 K by surrounding the helium with 
boiling hydrogen and lowering the pressure to 0.013 mm of mercury. 
Because no solid helium resulted, it was concluded that its solidification 
was impossible. 

KeeSom,* also at the University of Leiden, tried a different approach 
to the problem in 1926. Bridgman 4 had found that by subjecting some 
liquids to extremely high pressures it is possible to raise the transformation 
temperature and that many of the physical properties undergo marked 
changes. For example, as indicated in Fig. 16.6, ice w r as shown to pos¬ 
sess at least five allotropic forms. If ice at — 20 C (4 F) is subjected to 
increasing pressures up to 7000 kg per square centimeter, it can be made 
to pass through four allotropic forms and change from a solid to a liquid 


* Cork, J. M., Heat. New York: John Wiley & Sons, Inc., 1937, p. 245. 
4 Bridgman, J., J. Franklin Institute, Vol. 177 (1914), pp. 315-332. 
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and back to a solid again. By using this same approach and subjecting 
liquid helium to the high pressure of 150 atm, Keesom succeeded in 
attaining solid helium. 

The attainment of extremely low temperatures is usually accomplished 
by the evaporation of liquefied gases, in insulated containers and some¬ 
times at reduced pressures. By this means 90 K may be reached with 
liquid air, 54.3 K with liquid oxygen, 35.6 K with liquid nitrogen, 14 K 
with liquid hydrogen, and temperatures below 1 K with liquid helium. 

16.6. Production of Low Temperatures by Magnetic Cooling. Helium 
is the gas that approaches the ideal most nearly. The lowest temperature 
reached by boiling its liquid under the lowest attainable pressures is 
0.71 K, and lower temperatures must be obtained by other means. The 
lowest recorded temperatures have been obtained through the demagnet¬ 
ization of certain paramagnetic salts previously cooled by liquid helium 
and subjected to a strong magnetic field. 

All substances may be divided into two classes with respect to their 
magnetic properties. Those repelled by a magnetic pole are diamagnetic, 
and those attracted, such as iron, are paramagnetic. Some of the para¬ 
magnetic salts, such as gadolinium sulfate, have been found to be best 
suited for obtaining low temperatures by their adiabatic demagnetization. 
If such salts are precooled to a very low temperature so that any thermal 
motion of the molecules will be at a minimum, the molecules may be con¬ 
sidered as elementary magnets that will be aligned when subjected to a 
strong magnetic field. If the substance is then demagnetized, work is 
performed without external heat exchange. Although this work is not 
mechanical, the result is adiabatic cooling. 

In practice the procedure of cooling magnetically is accomplished in 
four steps. 5 First, a paramagnetic salt is cooled by surrounding it with 
liquid helium boiling under reduced pressure. Second, a magnetic field 
on the order of 25,000 gauss is applied to the salt, still surrounded by the 
boiling helium, and the evolved heat is absorbed without change in tem¬ 
perature. Third, the helium gas is removed and the substance is ther¬ 
mally isolated at a temperature below 1 K and under the stress of a strong 
magnetic field. Fourth, adiabatic demagnetization, comparable to 
adiabatic expansion of a gas, further lowers the temperature when the 
magnetic field is reduced to zero. By this means temperatures as low as 
0.004 K have been reached, and it is believed temperatures as low as 
0.001 K are attainable. Such temperatures cannot be measured by 
ordinary means but can be determined by measuring the magnetic sus¬ 
ceptibility and applying Curie’s law, which states that this susceptibility 
is inversely proportional to the absolute temperature. Figure 16.7 shows 


* Debye, Peter, “The Magnetic Approach to the Absolute Zero of Temperature.” 
American Scientist, Vol. 32, No. 4 (October, 1944), p. 229. 
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schematically the arrangement of materials used in approaching absolute 
zero magnetically. 

It has been proposed that further cooling be accomplished by aligning 
and then demagnetizing the nuclei of the atoms as well as the paths of the 
electrons. It is predicted that temperatures within one one-millionth 
of a degree of absolute zero may be reached in this manner. 



Fig. 16.7. Schematic arrangement for magnetic 
cooling of a paramagnetic substance. 


16.7. Production of Low Temperatures by Vapor-Compression Refrig¬ 
eration. The use of vapor-compression refrigeration for the production 
of low temperatures is limited inherently by the solidification temperature 
of the refrigerant (Table 6.5), the evaporation pressure corresponding to 
the desired temperature, and the difficulties encountered in the operation 
of any mechanical equipment at very low temperatures. At —100 F the 
corresponding absolute pressure for ammonia is 1.24 psia, at —155 F the 
pressure for Freon-22 is 0.19901 psia, and at —100 F the pressure for 
propane is 3.2 psia. It is difficult to operate compressors efficiently under 
such low pressures when large volumes of gases must be pumped. Many 
refrigerants may be used for low-temperature refrigeration, but Freon-12 
and Freon-22 are by far the most widely applied. Although for small 
loads single-stage compression has been used with evaporator tempera¬ 
tures as low as — 50 to — 60 F, economy of operation usually limits such 
operation to conditions above — 20 F. Two-stage Freon-12 systems are 
adaptable to evaporator temperatures as low as — 75 F and three-stage 
Freon-12 systems to —90 F. Freon-22 systems operate satisfactorily at 
temperatures 10 to 15 F lower. Figure 16.8 shows the single-stage- 
compressor displacement requirements per ton of refrigeration for 
Freon-12 and Freon-22 at different suction temperatures, and Fig. 16.9 
approximates performance curves for three stages of compression for the 
same refrigerants. The theory of stage compression was covered in §13.5. 

Recently several large low-temperature refrigeration installations have 
been designed to use four-stage centrifugal compressors with Freon-12 
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as the refrigerant. The National Advisory Committee’s Aircraft Engine 
Research Laboratory at Cleveland, the world’s largest low-temperature 
refrigeration plant at the time of installation, operates in this manner. 
Some of the details are presented in §17.4. One inherent advantage in 
the use of centrifugal compression equipment for low temperatures is the 
reduction in lubrication difficulties. 



Fig. 16.8. Refrigerant displacement per ton at low temper¬ 
atures. Approximate net displacement in cfm per ton. From 
Refrigerating Data Book Applications' Volume , 2nd ed., American 
Society of Refrigerating Engineers, 1946, p. 415. 

If vapor-compression systems are to be used for the production of low 
temperatures, the common alternative to stage compression is the cascade 
system, in which a series of refrigerants with progressively lower boiling 
points is used in a series of single-stage units. The evaporator of the 
first system operating at the highest temperature is used to cool the con¬ 
denser of the second system, the evaporator of this unit is used to cool 
the condenser of the third system, and so on. Thus each refrigerant 
circuit is comparatively simple and is a system in itself, and each refrig¬ 
erant can be chosen that operates best within the required comparatively 
narrow temperature and pressure range. 
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Fig. 16.9. Performance of condensing units under sub-zero 
conditions. From Refrigerating Data Book Applications 9 Vol¬ 
ume, 2nd ed., American Society of Refrigerating Engineers, 1946, 
p. 416. 


0 t H 4 CH 4 



Fig. 16.10. Cascade system using ammonia, ethylene, and 

methane. 
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The cascade system was first used by Pictet in 1877 for the liquefaction 
of oxygen. This installation employed as intermediate refrigerants sulfur 
dioxide and carbon dioxide. Among other combinations used since that 
time are methyl chloride, ethylene and oxygen or nitrogen, and ammonia, 
ethylene, methane, and nitrogen. Figure 16.10 shows diagrammatically 
a cascade system using ammonia, ethylene, and methane as refrigerants. 

Example 16.2. A cascade refrigeration system is designed to supply 1 ton 
of refrigeration at an evaporator temperature of — 80 F and a condenser tem¬ 
perature of +80 F. The load at — 80 F is absorbed by a unit using Freon -22 as 
the refrigerant and is rejected to a condenser at —10 F. This condenser is 
cooled by a unit using Freon-12 as the refrigerant and operating between a 
—20 F evaporating temperature and 80 F condensing temperature. The 
refrigerant leaving the Freon -12 condenser is subcooled to 70 F, but there is no 
subcooling of the Freon-22 refrigerant. The gas leaving both evaporators is dry 
and saturated, and compression is adiabatic. Neglect all compression and 
volumetric losses. Determine: (a) compression ratio for both units; (b) pounds 
of refrigerant circulated per (ton refrigeration)(min) for both units; (c) theoretical 
horsepower per ton of refrigeration for both units; (d) theoretical displacement 
required per ton of refrigeration for both units; (e) c.p. for both units; (f) dis¬ 
charge temperature at end of compression for both units; (g) total theoretical 
horsepower requirements, (h) If a single Freon -22 compressor is operated 
between — 80 F evaporating and +80 F condensing, determine the same values, 
assuming 10 F subcooling. 

Solution : 

(a) Compression ratio: 

Q1 OQ 

For F-22 unit, ^ = 6.54 

For F-12 unit, = 6.46 
15.2o 

(b) Pounds of refrigerant circulated per (ton)(min): 

200 

For F -22 unit, 95 ' 68 _1 7 q 6 = 2.28 lb per (ton) (min) 

200 

For F-12 unit, — — - — ^ = 3.85 lb per (ton) (nun) 

(c) Theoretical horsepower per ton: 

For F -22 unit, 4.717 ( 9 ^gg — 7 ^ ) = 1,01 hp *** 1)011 

For F-12 unit, 4.717 ^ = 1-36 hp per ton 

(d) Theoretical displacement per (ton refrigeration)(min): 

For F -22 unit, (2.28) (9.650) = 22.0 cu ft per (ton) (min) 

For F-12 unit, (3.85) (2.474) = 9.5 cu ft per (ton) (min) 
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(e) Coefficient of performance: 

4.67 
3.48 

(f) Discharge temperature at end of compression: 

For F-22 unit — 62 F 
For F-12 unit = 105 F 


„ 95.68 - 7.96 

For - unit, n4>5 _ 95>68 


For F-12 unit, 


75.87 - 23.90 
90.81 - 75.87 


(g) Total theoretical horsepower required: 

1.01 + 1-36 = 2.37 hp per ton 

(h) Total theoretical displacement required: 

22.0 + 9.5 = 31.5 cu ft per (ton) (min) 

(i) Single F-22 unit: 

Compression ratio 
Refrigerant circulation rate 

Theoretical horsepower required 

Theoretical displacement required 

Coefficient of performance - 

= 1.65 

Compressor discharge temperature = 210 F 

It should be noted that the inclusion of corrections for volumetric and com¬ 
pression losses will affect the single-stage calculation much more unfavorably 
than the cascade system. 


159.7 

4.787 


= 33.4 
200 


95.68 - 30.99 
3.09 lb per (ton) (min) 
134.96 - 


= 4.717 


/134.96 - 95.68\ 
\ 95.68 - 30.99 / 
2.86 hp per ton 
(3.09) (9.650) 

29.8 cu ft per (ton) (min) 


OR A« 


16.8. Liquefaction of Air. The liquefaction of air has become an 
important industrial process not only for the production of liquid air 
itself but also in the separation of oxygen, nitrogen, hydrogen, helium, 
and many of the rare gases by fractional distillation. It appears probable 
that considerable quantities of liquid oxygen may be used in the future 
for synthesizing engine fuels by the treatment of natural gas and coal and 
that it may find uses in the metallurgical industry and in the manufacture 
of heating gas. 

Cascade systems of refrigeration have been used satisfactorily for the 
liquefaction of gases, but more frequently the methods used have applied 
either Joule-Thomson expansion, expansion against a restraining force. 
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or both. The simplest of these is the Linde or Hampson system shown in 
Fig. 16.11. Here air is compressed between points 1 and 2 to a pressure 
of 100 to 200 atm and is then cooled in its passage through the heat 
exchanger between points 2 and 3 to a temperature of approximately 
— 160 F. An irreversible adiabatic expansion occurs between points 
3 and 4 with the air dropping to atmospheric pressure and a temperature 
of —312 F corresponding to the boiling point. A portion of the air, 
depending primarily upon the initial pressure, is liquefied; with an initial 


pressure of 200 atm this amounts to 
approximately 10 per cent. The re¬ 
mainder of the cold gas leaves the 
separator at point 5 and returns 
through the heat exchanger to the 
compressor. A simplified tempera¬ 
ture entropy diagram representing 
this process is shown in Fig. 16.12. 

Example 16.3. Determine the liquid 
air yield for a simple Linde liquefaction 
system if the air is compressed to 2500 psia 
and cooled before expansion to —170 F. 


Solution. The air is expanded along 
a constant-enthalpy line from 2500 psia 
and —170 F to a final state point at 1 
atm. The entropy after expansion is 
0.525, and the yield of liquid air is 


0.610 - 0.525 
0.610 - 0.0 


X 100 = 13.9% 



The simple Linde or Hampson system 16.11. Linde system for air 

is comparatively inefficient and is used liquefaction, 

only when small quantities of liquid air are needed. The improved Linde 
system is somewhat more efficient. Here the simple system is modified to 
provide for two-stage expansion and compression, with a portion of the gas 
after the first expansion bled back through a heat exchanger into the discharge 
of the first stage of compression. Increased economy results from this arrange¬ 
ment because the majority of the gas undergoes only one expansion to the 
intermediate pressure and one compression from this intermediate pressure to 
the high pressure. 


The Claude liquefaction system shown in Figs. 16.13 and 16.14 combines 
Joule-Thomson expansion and expansion against a restraining force. 
Here the air is compressed to approximately 40 atm betweeen 1 and 2 and 
is then partially cooled by passage through the heat exchanger, 2-3. The 
air stream is then divided, about 20 per cent passing through heat 
exchanger 34 and the remaining 80 per cent passing through expander 
3-5. The portion sent through the second heat exchanger is then throt- 
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tied irreversibly through 4-6 into the separator at atmospheric pressure. 
The portion diverted through the expander enters at a temperature in 



ENTROPY 

Fig. 16.12. Temperature-entropy diagram for Linde 
system. 



Fig. 16.13. Claude system for air liquefaction. 


the order of —100 F and is then further cooled by expansion. It is then 
mixed with the unliquefied gas discharged from the separator at 7 and 
passes back through the two heat exchangers to the compressor. 
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This system is somewhat more efficient than the Linde system, since 
expansion through an engine or other expander results in lower tempera¬ 
tures than does Joule-Thomson expansion. However, the use of an 
expander introduces lubrication difficulties unless the system is modified 
as in the Heyland system, in which air is compressed to approximately 200 
atm and the expansion engine is operated at approximately room inlet 
temperature. If the expander is operated at low temperatures, it is 
possible to eliminate lubrication difficulties either by the use of leather 
or fiber piston rings or by the use of an expansion turbine in place of a 
reciprocating expansion engine. In this case the bearings are not sub¬ 
jected to the low temperatures of the expansion chamber. 



Fig. 16.14. Temperature-entropy diagram for 
Claude system. 

Low-Pressure Air Liquefaction. Recently, liquefaction systems have 
been developed® that will operate with air pressures in the order of 100 
lb per square inch absolute. One such system, used for the manufacture 
of liquid oxygen, utilizes both an expansion engine and the Joule-Thomson 
expansion, together with a fractionating tower for the separation of the 
liquid oxygen from the nitrogen. The need for chemical purification of 
the air to eliminate water vapor and carbon dioxide is eliminated by 
incorporating a reversing heat exchanger in which condensation of these 
undesirable products is first accomplished and then followed by an inter¬ 
mittent flushing of the system by the waste nitrogen gases. In the 
flushing process the water vapor and carbon dioxide are removed from 
the system. The principal advantages of such low-pressure systems are 
that centrifugal compressors of high capacity, high efficiency, and low 


• J. Henry Rushton, “Low-Pressure Liquefaction of Air.” Refrigerating Engi¬ 
neering, Vol. 53, No. 1 (January, 1947), p. 24. 
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pressure may be used and that chemical purification of the incoming air 
is unnecessary. Both ringless-piston expansion engines and turbo¬ 
expanders have been developed that may be adapted to such systems. 

16.9. Manufacture of Dry Ice. Solid carbon dioxide, or dry ice, 
despite comparatively high manufacturing costs, has many unusual prop¬ 
erties as a refrigerant. It is nontoxic and noncorrosive, and it is easily 
handled and cut. As shown in the pressure-temperature diagram of Fig. 
16.15, at atmospheric pressure it sublimates directly from the solid to the 



•I4» -lit -?• -40 -4 M M 104 140 170 tit 

TEMPERATURE, F 

Fig. 16.15. Carbon-dioxide phase diagram. 


gaseous phase at a temperature of —109 F and may therefore be used to 
maintain a wide range of temperatures up to those required for the pres¬ 
ervation of unfrozen perishables. At atmospheric pressure the heat of 
sublimation is 246 Btu per pound, and if the gas is further raised to 32 F, 
an additional 27 Btu per pound of sensible heat is available. By increas¬ 
ing the pressure the temperature of sublimation can be raised to the triple 
point at —69.9 F, and above the corresponding pressure the solid passes 
first into the liquid and then into the gaseous phase. 

The preservation of solid carbon dioxide is difficult because of its 
extremely low temperature. Losses may be reduced by the use of insula¬ 
tion, increased pressures, or both; in economical application, however, 
losses are unavoidable and storage must be limited to a few weeks at most. 

The manufacture of carbon dioxide gas is a chemical engineering 
problem in itself. The heating of limestone or its treatment with acid 
is the principal source of the gas. Large volumes are also obtained by 
the controlled combustion of coke, and in recent years another source has 
been the process of hydrogenation in the petroleum industry. Some 
carbon dioxide has been obtained commercially from the fermentation 
of organic substances. 

Carbon dioxide gas may be liquefied by compression to pressures of 
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900 to 1000 psi, followed by condensation in coils, which are usually cooled 
by water. Compression is usually accomplished by three-stage recip¬ 
rocating compressors. Solidification of the liquid may be done in one of 
three ways: by removal of heat through auxiliary refrigeration, by removal 
of heat through evaporation of a portion of the liquid carbon dioxide, or 
by expansion of the liquid carbon dioxide to a pressure below that of the 
triple point. The first method has been found uneconomical because of 
the very low temperatures that must be attained by the external refrig¬ 
eration equipment. Modifications of the second method have found 



duction of solid carbon dioxide. 

limited use commercially. The third procedure, however, is the one most 
widely practiced for the large-scale production of dry ice. 

The simplest form of equipment that could be used for the production 
of solid carbon dioxide by expansion of the liquid is shown in Fig. 16.16. 
The apparatus necessary is practically identical with that of any vapor- 
compression refrigeration system with the exceptions that means must 
be provided for the introduction of make-up carbon dioxide gas and for 
the removal of the carbon dioxide “snow.” As expansion reduces the 
pressure below that of the triple point, the liquid flashes directly into gas 
and CO* snow at the discharge of the expansion valve. This snow is 
quite porous and must be removed from the evaporator or snow chamber 
and compressed by mechanical means into cakes. Although such a 
system as this would operate satisfactorily, the power consumption, 
approximately 450 hp-hr per ton of solid, would be much too high for 
economical production. 

There are several modified forms of the system shown in Fig. 16.16 
that result in a greater yield of solid and a lower unit power consumption. 
Stage compression and intercooling may be used; the snow chamber may 
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be operated at a pressure only slightly below that corresponding to the 
triple point instead of at atmospheric pressure; a cascade system may be 
used with the condenser of the carbon dioxide system maintained at 0 F 
by means of an ammonia, Freon, or similar cycle. Any of these modifi¬ 
cations increases the efficiency of the basic cycle. By a combination of 
the cascade system, stage compression of the carbon dioxide, and opera¬ 
tion of the snow chamber at pressures above atmospheric, it is possible 



Fig. 16.17. Three-stage system for production 
of dry ice. 


to reduce the power consumption to well below 200 hp-hr per ton of snow. 

One possible modification of the elementary system is shown in Fig. 
16.17. Here compression is accomplished in three stages, and both flash 
and water intercooling are used. The snow chamber is operated at 
atmospheric pressure. The flash intercoolers operate so as to result in 
thermal equilibrium between the partially expanded liquid refrigerant 
and the returning vapor. 

Example 16.4. A three-stage system for the manufacture of solid carbon 
dioxide operates under the following pressures: condenser, 960 psia; intermediate- 
stage-compressor discharge 400 psia; low-stage-compressor discharge, 80 psia; 
snow or solid CO 2 chamber, 14.7 psia. Both flash and water intercoolers are 
used between stages (see Fig. 16.17). Make-up CO» enters at 70 F and atmoe- 
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phene pressure and the gas leaving both water intercoolers is at 70 F. Calculate 
the theoretical horsepower per (ton solid C0 2 per hr) for operation of the system. 

Solution. Flash intercoolers are designed to bring the refrigerant vapor 
passing between compressor stages into intimate contact with the liquid refriger¬ 
ant passing between expansion stages. Sufficient liquid refrigerant is flashed 
to remove the superheat from the discharged compressor gases. All the refriger¬ 
ant vapor is drawn from the flash intercooler into the following compressor 
stage, and only liquid refrigerant passes from the intercooler into the expansion 
valve. Since under equilibrium conditions the weight of refrigerant circulated 
in each circuit must remain constant, 

Wit = W t , W u = W 3 = W n = W t and W n = W 6 = W t = W 7 + W s 


The weight of make-up CO* must equal the weight of solid CO* per unit of time. 
Each flash intercooler must also be in thermal equilibrium. Enthalpy values 
based on a datum of — 40 F are as follows: 


A, 

— A 2 — 

73 Btu per lb 

h\2 = 

136 Btu per lb 

hz 

= A* = 

27 

hiz — 

167 

h 5 

= h t = 

-12 

hu = 

155 


= 133 


h 15 = 

138 

A, 

= 169 


^16 = 

152 


A n = 167 

After expansion of the refrigerant into the solid C0 2 chamber, 


12 + 113 
133 + 113 


and the product yield = 1 — 0.41 = 0.59 lb solid C0 2 per pound of refrigerant. 


A, = (0.59) (169) + (0.41)(133) 

= 154.3 Btu per lb 

and, with adiabatic compression, 

A 10 = 194 Btu per lb 

The weight of refrigerant that must be circulated through the low-pressure 
circuit in order to produce a ton of solid C0 2 per hour is 


W 9 = W 7 + W s = 


2000 


= 56.5 lb per min 


(60) (0.59) 

The weight of refrigerant circulated through the intermediate pressure cir¬ 
cuit is 

!Fu(Aii — As) 


W lt = 


(An — A<) 

(56.5) (167 -12) 

136 - 27 


= 92.6 lb per min 


The weight of refrigerant circulated through the high pressure circuit is 


W n 


Wu( Am As) 

(A ib — hi) 
92.6(155 - 27) 


182.5 lb per min 


138 - 73 
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The required horsepower is 

, 56.5(194 - 154) + 92.6(167 - 136) + 182.5(152 - 138) 

hp -—-- 

= 181.5 hp per (ton solid COj per hr) 

16.10. Applications of Low-Temperature Refrigeration. The attain¬ 
ment of extremely low temperatures, within a few degrees of absolute 
zero, has its applications primarily in the realm of pure research. Inves¬ 
tigations at temperatures below 1 K are carried out in studies of the 
residual entropy of matter. A perfect crystal will have no entropy at 
absolute zero, but solids with a less orderly arrangment will have entropy 
values corresponding to the extent of their disorder. 

Low-temperature research has proved very fruitful in providing 
knowledge of some interesting phenomena. One of these is the super¬ 
conductivity of many metallic conductors at very low temperatures. 
For reasons still incompletely understood, certain metals such as tin, 
lead, aluminum and zinc lose practically all of their electrical resistance 
at temperatures of one or two degrees Kelvin. Spectrum lines are usually 
sharpened, and the quantum levels of solids are sometimes best inves¬ 
tigated through absorption spectra at very low temperatures. Many 
transition phenomena in metals occur at low temperatures. Because of 
the reduced amplitude of thermal vibrations, the lattice parameters of 
metals are best studied under these conditions. Low-temperature tech¬ 
niques have been applied with good results to nuclear problems. For 
example, helium 3, with a mass of 3 instead of 4 and occurring in the 
atmosphere in only 1 part per million parts of air, has been separated by 
cryogenic laboratory techniques and has proved important in nuclear 
researches. The possibilities of basic research of many physical problems 
at low temperatures are vast and to a large extent unexplored. 

In addition to the fractional distillation of gases and the manufacture 
of solid carbon dioxide, there are an increasing number of commercial 
applications of low-temperature refrigeration. Some of these applica¬ 
tions in the fields of medicine, metallography, and engineering are dis¬ 
cussed in Chapter 17. 
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PROBLEMS 

16.1. Calculate the average Joule-Thomson coefficient for a pressure drop to 
atmospheric pressure from 200 atm when the initial temperature is (a) 150 F, 
(b) OF, (c) -150 F. 

16.2. A simple Linde air-liquefaction system compresses dry air isothermally 
from 70 F and 14.7 psia to 2500 psia. If the heat exchanger is 60 per cent 
efficient (based on temperature change), determine (a) air temperature at entrance 
to expansion valve, (b) percentage of liquefied air and (c) theoretical horsepower- 
hours per pound of liquid air. 

16.3. The suction pressure within a reciprocating compressor corresponds to 
that for saturated vapor at —100 F. Determine the evaporator temperature 
if the throttling loss across the suction valves is 3 psi and the refrigerant is 
(a) carbon dioxide, (b) ethylene, (c) Freon-11, (d) Freon-22. (Assume satu¬ 
rated vapor at evaporator discharge for an approximate solution.) 

16.4. In Example 16.2 both compressors operate with 2% clearance, a 1.5 psi 
suction-valve pressure drop and a 2.5 psi discharge-valve'pressure differential. 
For the Freon-22 system n = 1.15, and for the Freon-12 system n = 1.10. 
Solve the problem under these conditions. 

16.5. A cascade refrigeration system is designed for the liquefaction of 
natural gas. A two-stage ethylene compressor operates between an evaporator 
temperature of —145 F and a condenser temperature of —10 F. A two-stage 
ammonia compressor operates in cascade with the ethylene unit between an 
evaporator temperature of — 20 F and a condenser temperature of 80 F. Each 
two-stage unit is proportioned so that the cylinder compression ratios are equal. 
A stage intercooler capable of reducing the vapor temperature to 75 F is used with 
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the ammonia system and a flash intercooler with the ethylene system. Disregard 
compressor clearance and valve wire-drawing, and assume isentropic compression. 
Determine (a) total horsepower per ton of refrigeration, (b) piston displacement 
per (min) (ton refrigeration) for each compressor, and (c) coefficient of perform¬ 
ance (c.p.) for each compressor and for the system. 

16.6. Carbon dioxide, eventually to be used in the liquid or gaseous phase, 
is frequently shipped in solid form to eliminate the shipping of heavy storage 
cylinders. If 50 lb of solid C0 2 is placed in a steel cylinder of 1.2 cu ft internal 
volume and allowed to attain equilibrium with the surrounding air at 70 F, 
determine (a) internal cylinder pressure, psia; (b) weight of liquid CO*; (c) weight 
of gaseous CO*; and (d) Btu absorbed by solid CO 2 in attaining equilibrium. 

16.7. Compare the cost of refrigeration per 1000 Btu supplied by (a) dry 
ice, (b) water ice, (c) mechanical refrigeration at 0 F suction, and (d) mechanical 
refrigeration at — 110 F suction. Assume local costs for dry ice, water ice, and 
electric power. Assume condensing-unit performance shown in Fig. 16.9 and 
Freon-22 as the refrigerant. (In comparing cost it should be noted that approxi¬ 
mately eight times as much refrigeration by water ice as by dry ice is required 
for satisfactory cooling of ordinary refrigerator cars. This relationship is 
partially explained by the closer proximity of load to cooling surfaces and by 
more efficient control.) 

16.8. Fresh frozen shrimp are to be shipped by air in 7 hr from Florida to 
New York. The shrimp, prefrozen, are to be packed in insulated containers 
4X4X4 ft (1/ = 0.25). Dry ice at 14.7 psia is used as the refrigerant and 
is so placed in the container that the average temperature adjacent to the walls 
may be considered as 0 F. If the ambient temperature is 60 F, determine (a) 
pounds of dry ice required for shipment and (b) cost of refrigeration if dry ice is 
available at 3? cents a pound. 

16.9. A three-stage system for the manufacture of solid COi operates with 
the following pressures: condenser, 1000 psia; intermediate-stage-compressor 
discharge, 430 psia; low-stage-compressor discharge, 90 psia; and snow or solid 
C0 2 chamber, 14.7 psia. Both flash and water intercoolers are used between 
stages. Make-up C0 2 enters at 75 F and atmospheric pressure, and the gas 
leaving the water intercoolers is at 70 F. Determine (a) theoretical horsepower 
per (ton solid C0 2 per hr) (b) theoretical piston displacement in cubic feet per 
minute for each ton of solid C0 2 per hour. 

16.10. The solid C0 2 system of Problem 16.9 is modified to a cascade or 
binary system, with a Freon-22 system replacing the high pressure C0 2 stage. 
Thus the two-stage C0 2 system discharges to a condenser operating at 430 psia, 
and this in turn is cooled by the Freon-22 evaporator operating at 49.58 psia. 
The Freon-22 condenser pressure is 174.5 psia. Determine (a) theoretical horse¬ 
power per (ton solid C0 2 per hr), and (b) theoretical piston displacement in cubic 
feet per minute for each ton of solid C0 2 per hour. 


PART V 

Refrigeration Applications 



CHAPTER 17 


Applications of Refrigeration 

17.1. General. Refrigeration can serve us from the cradle to the 
grave. For some, the benefits start at birth in the air-conditioned deliv¬ 
ery room and for a few in the modern incubator 1 and nursery for premature 
babies. Applications are then encountered and appreciated, though 
often indirectly, throughout life. And for some, refrigeration is even 
applied after death in cooling the slab vault at the city morgue. An 
analysis of these applications will indicate that they may be classified into 
one of the following three general groups: 

A. An aid to some other process 

B. A means of preservation 

C. A factor in comfort improvement 

More specific classifications would include the following: 

1. Storage of foods above and below freezing 

2. Transportation of foods above and below freezing 

3. Processing food products and beverages 

4. Freezing food products 

5. Industrial air conditioning 

6. Comfort air conditioning 

7. Ice making 

8. Chemical and related industries 

9. Oil refining and synthetic rubber manufacturing 

10. Manufacturing and treatment of metals 

11. Creation of artificial atmospheric conditions 

12. Medical and surgical aids 

13. Heat pump 

14. Miscellaneous cooling processes 

17.2. Heat Pump. “Heat pump” is the modem expression for a 
refrigerating system in which the heat discharged at the condenser is of 
prime interest and importance. The cooling effect produced by the evap¬ 
orator is secondary and is not necessarily utilized. The medium being 
cooled serves as a heat source, and the compressor pumps the heat, picked 
up by the refrigerant in the evaporator, to the higher level in the con- 

1 Moores, C. F., “Refrigeration Helps Save Premature Babies.” Refrigerating 
Engineering , Vol. 49, No. 2 (February, 1945), p. 102. 
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denser so that practical use can be obtained from it. This application is 
also referred to as reverse-cycle refrigeration, which is somewhat of a 
misnomer, since the familiar basic refrigeration cycle is still used. How¬ 
ever, in a combined heating and cooling system there is a reversing of the 



OIL, i/«AL O £ 4 • • 10 IS 14 

COAl,*/TOI« 0 £ 4 • • 10 IS 14 

ELCOTRIO^KWHHO 0.8 I IS £ £.8 3 33 

Fig. 17.1. Comparative fuel costs for heating. 

utilization of the energy, since the application of the unit is changed by 
one means or another to give heating or cooling in the space as desired. 

This method of heating was first proposed by Lord Kelvin in 1852. 
Very few installations were made before 1930, since neither the initial nor 
operating costs could compete with those for conventional systems. On 
first thought this may not seem reasonable, since the heat available may 
easily be three or more times the equivalent heat energy supplied to the 
compressor. This ratio of output over input is called the coefficient of 
performance for the heat pump and is explained in Chapters 4 and 6. 
The high operating costs have been due to the cost of energy required to 
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drive the compressor. But the gradual decrease in electric power rates, 
combined with the increase in the cost of coal, oil, and gas, particularly 
since 1940, has changed the economic picture. 

Comparative costs of the heat energy required for heating with the 
heat pump and with the more conventional systems are shown in Fig. 
17.1. Note that the relative positions of the curves have no significance 
but depend on the abscissa scales used. The efficiencies of the conven¬ 
tional systems will vary, and true comparisons depend upon many factors. 
The efficiencies used were arbitrarily selected in order to have some basis 
for comparison but should not be far from those obtained in the average 
forced-air domestic system after a few years of operation, ft is suggested 
that the reader draw in his own line for the fuel and efficiency of interest 
to him. 

Comparative fuel and electric rates taken from Fig. 17.1 that would 
result in equal costs per million heat units are shown in Table 17.1. This 
table indicates that, for the heating values and efficiencies assumed, a 
cost for heat energy of $1 per million Btu delivered would result from the 
use of coal costing $13.20 per ton, or oil costing 9.1 cents per gallon, or 
electricity costing 1.37 cents per kilowatt-hour and applied to a heat pump 
with a c.p. of 4. 

TABLE 17.1 

Comparative Fuel and Electric Rates That Produce Equal Heat-Energy 

Costs 


Costs per Million Heat Units 

*0.80 

*1.00 

*1.20 

Heat pump—c.p. of 4 at. 

1.10* per kwhr 
0.82c per k'whr 
*10.56 per ton 
7.3* per gal 

56* per 1000 cf 
28* per 1000 cf 
0.27* per kwhr 

1.37* 

1.02* 

*13.20 

1.64* 

1.23* 

*15.84 

Heat pump>—c.p. of 3 at. 

Coal: 12,000 Btu per lb—55% eff at. 

Oil: 140,000 Btu per gal—65% eff at. 

9.1* 

70* 

35* 

0.34* 

10.9* 

84* 

42* 

0.41* 

Gas: 1000 Btu per cu ft—70% eff at. 

Gas: 500 Btu per cu ft—70% eff at. 

Electric resistance heating at. 



The heat pump requires the availability in sufficient quantity of a 
dependable heat source or medium that can supply heat to the evaporator 
and can be cooled by it. The three basic heat sources that have been 
used are air, water, and the earth, as discussed in Chapter 6. Figure 17.2 
shows a unit made in 3-hp to 10-hp capacities that has been installed in 
residential and commercial applications in California and in several of 
the Southern states and uses air as the heat source. 

Since World War II the greatest emphasis has been placed on domestic 
applications. The development of higher speed and hermetically sealed 
compressor units using nontoxic refrigerants, together with more efficient 
heat transfer equipment, has made possible the production of compact 
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self-contained units that Should be competitive with otlitir types of equip¬ 
ment used for year-round air conditioning. Present indications are that 
the initial cost of the heat pump can compete with other equipment only 
when .year-round dir. conditioning is desired. Some thought has been 
given to Using tVrmhihhtimis hit air iVhci water or of air and earth as heat 
sources and also to using heat-jit of age systems to reduce costs 


F»f 5 .. 17.2' Air-to-air! hc»t-puiiip unit./Courtesy tino-er- 
yfHnosUh, lac-., I'Jjyi Angclc?. 

During and prior to World War I i most in.siallntii.ms were for indus¬ 
trial and commercial applications, maiply for .■.electric Utility office's but 
also .including theaters., stores, and. factories. The critical fuel si turn is,o 
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heat-pump system. A fan capacity and supply-air ducts larger than 
those for a convent ional forced-air he&tuq? system are needed to handle 
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the greater air quantities required because of the lower supply-air tem¬ 
perature. Economy of operation indicates using air temperatures of 100 
to 110 F instead of 140 F or higher. If the condenser and evaporator are 


?>*?<*., v * 
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Fig. 17.3. Ground-to-air beat-pump unit. Courtesy General Engineering and 

Mfg. Co. 

to interchange functions as the system switches from heating to cooling, 
they must each be designed to function satisfactorily as either unit for 
the loads involved. One manufacturer of self-contained units decided 
to use two separate circuits, an arrangement that involves two evapo¬ 
rators and two condensers, and to switch from one to the other, even 
though more equipment is required- When air is used as the heat source 
the ducts can be arranged so that dampers reroute the air flow as desired. 
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If refrigerant coils are placed in the ground, the length of circuits and 
problems of pressure drop and oil return must be considered, as well as 
the more important question of the adequacy of the heat source year after 
year. 

17.3. Medical and Surgical Aids. Members of the medical profession 
have worked with members of the refrigerating engineering profession, 
have carried on original experiments in refrigeration, and have applied 
refrigeration in their own work for many years. In fact, Dr. William 
Cullen, who graduated from the College of Physicians and Surgeons, 
Glasgow, in 1729, did some important preliminary development work in 
refrigeration. In 1755 he wrote in his “Essay on Cold Produced by 
Evaporating Fluids” how he froze water by exhausting nitrous ether 
from a vessel placed in the water. In 1781 Tiberius Cavello, a physician 
bom in Naples in 1749 and who later went to England, wrote in the 
Philosophical Transactions of London about his experiments on cooling 
by evaporation of various ethers and by using air. Dr. John Gorrie, a 
physician bom in Charleston, S. C., developed an ice-making machine 
before 1844. He used ice to condition air for his yellow-fever patients 
and by 1851 demonstrated the value of ice packs and cooled rooms in the 
treatment of certain tropical fevers. His patent, No. 8080, was ridiculed 
by the American press but was given favorable publicity in England and 
served as a model from which inventors the world over patterned their 
work. In 1869 Dr. Henry Peyton Howard, a physician of San Antonio, 
Tex., was the first to transport refrigerated beef by ship. He equipped 
his own ship and transported the beef from Palacios, Tex., to his own cold- 
storage warehouse in New Orleans and then distributed the meat to 
hospitals, hotels, and restaurants. 2 

Two major applications of refrigeration in modem surgery are in the 
prevention of shock and as an anesthetic in operations on arms and legs. 
Contfoiled cooling applied gradually from the outside can help the body's 
natural reactions against ordinary shock by reducing metabolism and 
permitting a concentration of oxygen and plasma at the wound. Local¬ 
ized refrigeration has been used as an anesthetic for amputation, because 
chilling is the only known treatment for anesthetizing both the nerves 
and the entire protoplasm, and it apparently prevents excessive blood- 
clot formation. Bums also benefit from moderate cooling for a number 
of days or weeks.* Freezing of local parts of the body can be endured 
for brief periods, and isolated cell structures can be kept frozen in a refrig¬ 
erator for days, be replaced, and resume functioning. But in general, 
temperatures below 40 F are not used. 

* Woolrich, W. R., “Mechanical Refrigeration—Its American Birthright.” 
Refrigerating Engineering, Vol. 53, No. 3 (March, 1947), pp. 196-199. 

1 Potter, R. H., “ Refrigeration Has Become an Instrument for Healing.” Refriger¬ 
ating Engineering, Vol. 52, No. 4 (October, 1946), pp. 306-309. 
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Results of chilling experiments by doctors over the past several years 

have been reported, in the literature. * Crossman and Alien state that it 

• ■ 

might even be. possible to restorer cleanly amputated limb or .linger if it is 
quickly packed iri ice and sent to the hospital V;~ • 

Ice p generally iaaed, but - specially designed direti expaiision Ond 
brine-chilied blankets as well as refrigerated uiiv tduxnvbers have bffeii 
made that, are used to lower skin temperatures down to 40 V. Wider 

I.H BTi ' it .i • - 1* -* • Trn r T i 11 1 T-T~ Ti^ i MliMiaTf i TTrTff 


t'ounesy. Vorkt ’orp., York, Ptzma. 


Stratochamber. 


applications are contimuilly being fdmid, arid research oil hew and better 
types of equipment is needed. -C 

17.4, Creation of Artificial Atmospheres, This terra has reference to 
applications other than ordinary comfort or industrial air conditioning. 

SirtitOchambera, 'Bisect man desires to travel in st.ro tosphere. it M 
necessary that, vital parts of the machine to be flown, the instruments to 
be used, aft necessary equipment, and even the fliers themselves be sub¬ 
jected to atmospheric conditions like those to be encounteml, and their 
reactions studied. U is more' practical. to •dmu.late the simtosplmrio 
conditions in a stratoehamfow dpsvn on earthandplace ..the items' to he. 
oljeerved in -it .than to do much e^x-rbneming aloft.' 

.built , hut. m ost of them 
are- 'divided into a lode, bh vestibule, and a main chamber similar to Fig. 
17,4. In chamber's to be used to study hunrair reactions and certain 
equipment, a "climb''' chamber is built within the main chamber. 
Refrigeration equipment is needed that. car* reduce the temperature hi 

♦ Cfoesnian. L. W. and Allen, F. !W, "Surjrioai TUdrit'eirfltiou and Prwrvtttion <4 
Tissue..*' Journal qf 'thi Amtnaan Msdicnl At-iocmhon, Vol, 133, No. 6 (TVU. 8, I '.147 ', 
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the climb chamber from 70 F to —70 F in less than 12 min, and vacuum 
equipment is needed to reduce the pressure from that at sea level to that 
at 45,000 ft or higher altitude in less than 5 min. These two changes 
must take place simultaneously to simulate climbing. In certain equip¬ 
ment-testing chambers, snow, ice, and frost forming devices must also 
be employed. 

A chamber designed for physiological tests on six men in electrically 
heated suits would be supplied with 10 cfm of ventilation air. The climb 
chamber would be about 18 ft long, the lock about 4 ft long, and the 
diameter 14 ft. The total load for such a chamber at — 70 F would be 
about 2.5 tons. In determining the load a transmission factor of 0.1 
Btu(in) per (hr)(sq ft) (deg F) is recommended to account for the release 
of sensible heat from the mass of material even though the theoret¬ 
ical U is 0.025. The occupant heat is taken as 1380 Btu per hour per 
person. The ventilation air should be dried by an adsorbent so that 
only its sensible heat is included in the chamber cooling load. 

Using a two-stage Freon-12 system at — 85 F suction temperature for 
2.5 tons with interstage liquid and gas cooling would require a 30-hp low- 
stage and a 20-hp high-stage machine. A flooded evaporator with a surge 
drum and liquid refrigerant pump is recommended. The refrigerant 
cycle would then be to have the refrigerant vapor drawn from the surge 
drum into the low-stage compressor, discharged through a double-pipe 
gas cooler, drawn into the high-stage compressor, and discharged into the 
water-cooled condenser. The liquid would flow through a float-valve 
control to a flash-type liquid cooler, to a double-pipe oil still, and then 
to the surge drum through a second float-valve control. The pump 
circulates the liquid from the surge drum through the evaporator and 
back to the surge drum. More details are given in the Refrigerating Data 
Book. 6 

Wind Tunnels. The largest refrigeration plant in the United States 
at the time of installation in 1944 is at the National Advisory Committee 
for Aeronautics Altitude Test Tunnel in Cleveland, Ohio. Fourteen 
four-stage Freon-12 centrifugal compressors, each driven by a 1500-hp 
motor, 260 plate-fin coils cooling 10,500,000 cfm of air, and a 6-ft-diameter 
flash cooler 55 ft long are used to produce 7500 tons of refrigeration using 
58,000 lb of Freon-12 in 8-in. liquid lines and in one 45-in. and four 3 2-in. - 
diameter suction lines. The coils are operated flooded, with a Freon 
pump forcing liquid through them from (and back to) the flash cooler. 
Conditions comparable to a 50,000-ft altitude can be produced in the 20- 
ft-diameter test section with air speeds over 500 mph. Standard tests 
can be conducted at controlled temperatures from 59 to —67 F, and it is 

6 Refrigerating Data Book } Refrigeration Applications Volume , 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Stratochambers,” Chapter 45, 
p. 421. 
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possible to obtain —80 F. In addition to the 21,000 hp for the Freon 
compressors, considerable power is also required for the pumps, fans, and 
auxiliary equipment. 4 

There are at least 10 other wind tunnels of various types and sizes in 
the United States, which provide air velocities up to and in the supersonic 
region and temperature conditions from 140 F down to —354 F and which 
use centrifugal refrigeration compressors. 

Artificial Snow. In November, 1946, V. J. Schaefer of the General 
Electric Research Laboratories produced snow from a three-mile stratus 
and cumulus cloud near the Massachusetts-New York state border by 
dropping frozen carbon dioxide (dry-ice) pellets from an airplane flying 
through the cloud. Near-by clouds not touched disappeared without 
giving up any moisture. Another demonstration was made near Port¬ 
land, Ore., in April, 1947, and rain has been produced on several occa¬ 
sions since that time. Previously, artificial snow had been produced by 
similar methods in the laboratory. 

The principle involved is that, if clouds contain supercooled water 
droplets, as they often do, the dry-ice pellets furnish nuclei for the devel¬ 
opment of raindrops or snow crystals. A pellet the size of a pea is capable 
of producing tons of snow as it drops 2000 ft through a cloud. A cloud 
two miles thick can produce about 0.14 in. of rain, but probably only a 
small percentage of this would reach the ground. The Army, Navy, and 
Air Force have been continuing to experiment along these lines, 7 but 
certain conservative meteorologists are still quite pessimistic. 8 If prac¬ 
tical, possible applications would be the dissipation of winter fogs over 
airports or the steering of snowfalls away from urban areas and toward 
winter resorts or toward storage reservoirs for irrigation and water-power 
uses. This may be a somewhat unusual application of refrigeration, but 
it illustrates the diversity of the field and may stir the imagination to 
think of additional new applications. 

17.6. Manufacture and Treatment of Metals. 

Blast-Furnace Operation. The control of the moisture content in the 
air supplied to blast furnaces for the manufacture of pig iron was sug¬ 
gested by the first president of the Iron and Steel Institute of England 
in his address to the membership over a hundred years ago. Conclusive 
demonstrations of the value of a dry blast in increasing iron production 
and decreasing fuel consumption were made in actual operation of various 
plants in the early years of the twentieth century. However, the equip¬ 
ment used at that time proved to be uneconomical. 

• Wilson, M. J., “Low-Temperature Refrigeration System.” Refrigerating Engi¬ 
neering, Vol. 48, No. 5 (November, 1944), p. 369. 

T “Weather under Control,” Fortune, Vol. XXXVII, No. 2 (February, 1948), 
p. 107. 

'Drake, Lawrence, “Rainmakers Are All Wet.” Magazine '48 (March, 1948), 

p. 61. 
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Modem centrifugal refrigeration machines and other improved equip¬ 
ment have changed the situation to the extent that one company in 
Alabama installed a second and then a third unit after realizing the bene¬ 
fits of the first installations. A few installations have been made in 
Northern plants, but there still seems to be some question of their prac¬ 
ticability in the minds of a great number of operators. 

No one seems to know what the optimum moisture content is for the 
air blast. In this application the air humidity is indicated by grains of 
moisture per cubic foot of air. There is not agreement as to whether 1, 
2, or 3 grains per cubic foot is best, but there is no question about a con¬ 
stant air humidity producing pig iron of a more uniform quality. 

Atmospheric humidity in the Great Lakes region varies from ^ grain 
per cubic foot in the winter to 9 grains per cubic foot in the summer. A 
typical 1000-ton blast furnace is charged every 24 hr with the following: 


• Ore. 

Coke. 

Limestone 

Total 


1775 tons 
850 tons 
385 tons 
3010 tons 


The air required is 4390 tons, or about 59 per cent of the total charge. 910 
This is roughly 80,000 cfm so that a 6-grain reduction would require 

80,000 cfmX 6 gr/cfX 60 min/hrX 1060 Btu/lb _ . - 

- 7|000gr/ i bx i 2 ,ooo Btu/(hr)(t on ) -364 tons of refrigeration 


Heat-Treatment. Since the conventional treatment of steels failed to 
produce a uniform structure in special steels, processes involving low tem¬ 
peratures, in some cases as low as —130 F, were developed. Liquefied 
gases and dry ice have been used, but with modern equipment mechanical 
refrigeration can also be used. A temperature below — 70 F is hard to 
maintain with dry ice. 

Low-temperature treatment was applied to stainless steel back in 1914 
to develop spring properties. Research work has been carried on con¬ 
tinuously, so that entirely satisfactory processes have now been developed 
for low-temperature treatment of high-speed tool steels and for other 
steels of various contents of carbon, chrome, molybdenum, nickel, and 
tungsten. 11 

Aluminum-alloy rivets tend to harden with age after heat-treatment. 


• Dunne, R. VD., “Dry Blast and Production for War.” Refrigerating Engineer¬ 
ing, Vol. 44, No. 1 (July, 1942), p. 19. 

10 Dunne, R. VD., “Economic Aspects of Pre-Compression Refrigerated Dry 
Blast.” Iron and Steel Engineer, Vol. 19 (July, 1942), p. 56. 

11 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Low Temperature as Applied 
to Metals,” Chapter 43, p. 409. 





§ 17 . 6 ] 


APPLICATIONS OF REFRIGERATION 


399 


This hardening increases their strength but decreases their workability. 
Special alloys and heat treatments were developed to overcome this tend¬ 
ency including alloy A17S, which can be worked after aging unless the 
forming operation is severe. Alloys 17S and 24S must be chilled promptly 
after quenching. The lower the storage temperature, the longer the 
hardening is retarded. At 0 F no hardening occurs for at least a week or 
longer. In some cases —30 to — 45 F temperatures are used. 1 * Special 
low-temperature containers are used to transport the alloys from the heat- 
treating room to the place of fabrication. * 

Miscellaneous Applications. Cooling of metal parts to obtain expan¬ 
sion fits instead of heating the other parts to obtain shrink fits is now 
practiced to eliminate the problems of oxidation and the need for final 
finishing. Temperatures required vary from —50 to — 90 F. Portable 
low-temperature chambers like those for aluminum alloys may be used. 

Refrigeration is needed to cool the electrodes in modem welding equip¬ 
ment. A cooled antifreeze circulating system has been found to be most 
practical. 1 * Other applications include cooling brine baths used for 
quenching (fluctuations in metal hardness result from variations in bath 
temperatures), cooling electroplating baths, cooling anodizing solutions, 
and cooling gear-cutter and lubrication oils. 

17.6. Oil Refining and Synthetic-Rubber Manufacturing. These two 
applications are related, since in 1943 the announced goal of synthetic- 
rubber production during World War II was to be about 58 per cent 
buna S and 12 per cent butyl rubber, and the constituents of both of 
these are made mostly from petroleum hydrocarbons. 14 

Oil Refining. The petroleupi industry was one of the first to use 
refrigeration in great quantities and continues to require large installa¬ 
tions. In 1885 partial dewaxing of lubricating oils was done by “cold¬ 
settling” in tanks. Because compression machines in the early days 
suffered from lubrication and other difficulties, absorption units were used 
more extensively, since they gave equally satisfactory results with less 
trouble. The new large, improved absorption units described in Chapter 
15 were developed largely from refinery experiences, and the majority of 
the new installations are in the oil industry (see Fig. 17.5). 

Refrigeration is needed off and on throughout the refining process, 
from the time the crude oil enters until the finished products leave. One 
main purpose of refrigeration is to chill the oil at various stages in the 
process until the wax crystallizes and can be separated out. A temper- 

11 Keller, F., "Refrigeration of Aluminum Alloys,” Refrigerating Engineering 
Application Data 35. Refrigerating Engineering , Vol. 49, No. 2 (February, 1945), 
p. 148. 

11 Refrigerating Data Book, Refrigeration Applications Volume, 2 nd ed. New York: 
American Society of Refrigerating Engineers, 1946. "Cooling of Electrodes in 
Welding,” Chapter 54, p. 507. 

14 Ibid., "OU Refining,” Chapter 52, p. 489. 
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32 F and 3 psi pressure is recommended. Some producers also assert that 
styrene should be stored at 32 F to maintain its purity even though its 
boiling point is 295 F at 14.7 psia. 17 In addition, there are extensive 
refrigeration requirements for the recovery of butadiene (one plant using 
3000 tons of refrigeration at — 5 F to obtain 55,000 tons of butadiene per 
year) and for some of the subsequent processing methods in manufactur¬ 
ing synthetic rubber. 

17.7. Chemical and Related Industries. Refrigeration is a necessary 
part of many chemical processes. One striking example was tragically 
demonstrated by the explosion in Los Angeles, Feb. 12, 1947, which killed 
15 persons, injured more than 150, and damaged about 300 near-by build¬ 
ings with a loss of nearly $2,000,000. Investigation disclosed that an 
electroplating company had been experimenting with a solution of per¬ 
chloric acid and acetic anhydride for electrolytic brightening of aluminum. 
This mixture explodes at temperatures above 80 F, so that constant refrig¬ 
eration is required. One survivor disclosed that employees had been told 
of the cooling-system failure and were dashing out when the jtcid tank, 
containing 350 gal, exploded. No traces of the bodies of the chemist or 
his assistant could be found. 18 Of course such a mixture should not be 
used, at least in such a quantity or in a locality where people and property 
may be exposed to the possible danger in case of any failure. 

. In general the chemical engineer requires cooling for processes involving 
the following: control of reaction rates, control of solubilities, liquefication 
of gases and vapor, and solidification of liquids. For economic reasons 
water is usually used if the available supply is satisfactory. Hence geo¬ 
graphical location is important for many plants. When water cannot do 
the complete job, refrigeration is used either as a supplement or to do all 
the cooling. The form of refrigeration used depends upon the product 
and process involved. In some cases water ice or dry ice is mixed with 
the product, in other mechanical or absorption refrigeration is used, 
or the material being processed may be used to cool itself. One of the 
largest installations of refrigeration equipment in the world is required 
for the ethyl-alcohol plant of the Shell Chemical Company in Houston, 
Tex., and 24,000 hp of refrigeration equipment was installed for the 
atomic-pile plant in Hanford, Wash. 

The heat evolved in the fermentation of sugars to alcohol must be 
removed, since a rise in temperature affects the efficiency of the operation. 
Cooling is needed to control the reactions in making chlorine bleaching 
materials. The common reactions of cellulose may easily proceed too 
far unless controlled carefully by refrigeration. Cellulose is the raw 


17 Roe, Arthur, “Refrigeration in the Oil Refining Industry.” Refrigerating 
Engineering, Vol. 46, No. 4 (October, 1943), p. 225. 

11 “Refrigeration Failure.” Healing and Ventilating, Vol. 44, No. 3 (March, 1947), 

p. 102. 
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material for a type of rayon, cellophane, nitrocellulose, and many plastics 
and lacquers. Minor variations in the process may change the product 
from the base for a fabric, plastic, or lacquer to an explosive. 

Purification of natural gas and of some manufactured gases is accom¬ 
plished by cooling the gas enough to liquefy the impurities. Combined 
compression and cooling are used to liquefy chlorine and other gases for 
ease of handling and shipment. The distillation and recovery process of 
liquids with low boiling temperatures require refrigeration when condens¬ 
ing temperatures below those possible to obtain with water are needed. 
These include carbon disulfide and tetrachloride, ethyl and methyl chlo¬ 
ride, ether, and others. 

Refrigeration is needed for direct chilling and for the air conditioning 
required in the manufacture of gelatin and glue. Cottonseed oil is stored 
at 14 to 40 F to allow the stearin to collect and settle out. The clear oil 
can be filtered off and then will not become cloudy. The stearin is used 
to make vegetable lard by a compounding process that also requires refrig¬ 
eration. The fats from alcoholic solutions of perfume concretes are 
separated by freezing so that the special odors will not be destroyed by 
high-temperature methods. 

Many salts are crystallized by cooling and by evacuation of the vapor 
over the solution. Refrigeration is used to control accurately the per¬ 
centage of water of crystallization in the final product. 19 

One of the most important reactions that requires close temperature 
control to prevent loss of product and possible hazards is nitration. 
Aniline dyes and pharmaceuticals are made from nitrobenzene, and 865 
Btu are evolved and must be removed for each pound of nitrobenzene 
made by nitration of benzene. The explosives industry finds refrigeration 
essential, since most of the explosives consist of nitrated materials. 20 

17.8. Ice Making. Although the ice wagon is a thing of the past, over 
54,000,000 tons of ice was sold in 1946 and delivered mainly by truck. 
This figure represents some 86,000,000 ton-days of refrigeration actually 
produced. (A ton-day of refrigeration is 288,000 Btu, or a ton of refrig¬ 
eration operating for a day—approximately the latent heat of 2000 lb of 
ice.) Most of us are so accustomed to using and seeing mechanical refrig¬ 
eration equipment that we do not realize there still is such a demand for 
delivered ice. Recent technological development in refrigeration has 
been concerned mainly with equipment to replace ice, so that modem 
ice-making plants differ little from some of those proposed before 1890. 21 
The latter, however, were an improvement over the plants used to produce 


*• Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Chemical Industries and 
Refrigerant Manufacture,” Chapter 50, p. 472. 

* # Ibid., “Powder, Explosives and Pyrotechnics,” Chapter 51, p. 483. 

** Ibid., “Ice Making Plants,” Chapter 46, p. 429. 
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artificial ice during and just after the Civil War. United States census 
reports indicate there were at least four plants making ice by 1870. One 
rrtethod was to freeze distilled water in cans, condensing it from steam¬ 
using equipment; also, river, pond, or well water was frozen on two sides 
of refrigerated vertical plates 12 ft high by 20 ft long. Plants using these 
methods have been replaced by “raw-water can plants” somewhat similar 
to those designed over 60 years ago. 

In order to produce clear ice, air agitation is used to force the dis¬ 
solved salts and coloring matter to the center of the can as clear ice 
crystals form and grow inward from the can surface. When only 3 to 
4 gal of concentrated salt solutions in the core remain unfrozen, they are 
pumped out and replaced with cooled fresh water. 

Cans are made in various shapes of 25 to 400-lb capacities. The 300- 
lb can is one of the most popular; the smaller sizes are used mainly in 
restaurants and institutions that have their o wn ice-making plants. The 
fact that the actual weight of ice in a 300-lb can is about 320 lb must be 
considered when designing the equipment. The plant-capacity rating, 
however, would be based on 300 lb per can. 

In most plants brine is chilled to about 12 F by ammonia evaporating 
at 3 to 7 F. Raw water cannot freeze without cracking at temperatures 
below 10 F, whereas the limit for distilled water is 6 F. An 11 X 22-in. 
can freezing 320 lb with 12 F brine will freeze 280 lb in 24 hr but will take 
14 hr to freeze the remaining 40 lb. The refrigeration equipment required 
to produce 1 ton of ice per 24 hr will depend upon the filling-water tem¬ 
perature, brine temperature, construction details, and other factors. 
Normally, for 70 F entering water and 12 F brine practically 1.6 tons of 
refrigeration is required per ton of ice made. 

Since World War II there have been unprecedented demands for the 
unitary type of ice-making equipment, particularly for flake-ice machines 
such as shown in Fig. 17.7 and for automatic ice-cube machines used by 
restaurants, bars, hotels, hospitals, and institutions. 

Skating Rinks. Artificial rinks freeze a sheet of ice by direct expan¬ 
sion cooling or by a brine circulating system. The design of the floor and 
piping system requires careful study, and there is a definite type of floor 
construction that is best for each particular installation. 22 The simplest 
plan has the pipe coils supported in sand placed directly on the ground. 
Such a floor requires considerable maintenance, and the pipes soon cor¬ 
rode. The more complex constructions have concrete bases with insula¬ 
tion and have the pipe coils in concrete. The insulation is to aid the 
change from an iced floor at 15 or 20 F to a dry 70 F floor, or vice versa, in 
a few hours as desired in the modem arenas. 

** Refrigerating Data Book, Refrigeration Applications Volume , 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Skating Rinks,” Chapter 47, 
p. 445. 
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Included in the results of research during World War II is the develop¬ 
ment of a new method for producing liquid hydrogen in amounts of 3 to 
5 liters to use where portability and simplicity are important. A small 
cryostat also was designed, in which a liter of hydrogen slush can main¬ 
tain temperatures from 14 to 20 K for 20 hr.** This combined apparatus 
makes possible the use of certain low-temperature bolometers, particularly 
• for infrared measurements and for spectroscopic work.* 4 A bolometer is 
an instrument for measuring small quantities of radiant heat. 

Superconducting bolometers make use of the phenomenon that certain 
materials lose most of their resistance to the flow of an electric current when 
subjected to temperatures between absolute zero and about 15 K. The 
transition from an appreciable electric resistance to very little resistance 
takes place within a very small temperature change. In order for the 
bolometer to be sensitive to slight variations in infrared radiation that 
would change jts temperature slightly, and hence its electric resistance, 
it must be closely maintained at a constant temperature in the transition 
range. 

An early bolometer used tantalum cooled by a helium bath boiling 
at 3.22 K under reduced pressure. Further research disclosed that the 
resistance transition for columbium nitride occurred near 15 K. This 
temperature can be obtained with liquid hydrogen and reduce the refrig¬ 
eration cost to about one-tenth of that necessary to operate in the helium 
range.** 

Dr. Andrews and his co-workers at Johns Hopkins University acci¬ 
dently discovered that the columbium nitride bolometer at about 14 K 
(— 435 F) serves as a radio receiver by itself. Several stations could be 
heard through the loudspeaker which was previously used to indicate the 
presence of objects “seen" by the bolometer. Practical applications may 
be found in transoceanic and other long-distance radio, but the cost of the 
refrigeration equipment limits its general practicability in ordinary radio 
work. 

The development of a helium cryostat by Professor S. C. Collins of 
Massachusetts Institute of Technology to provide temperatures below 
2 K ( — 457 F) has been announced.* 6 Gaseous helium is circulated 
through a heat exchanger at 200 psi, then expands through an engine 


** DeSorbo, W., Milton, R. M., and Andrews, D. H., “New Cryogenic Methods 
of Using Liquid Hydrogen.” Chemical Reviews, Vol. 39, No. 3 (December, 1946), 
p. 403. 

* 4 Milton, R. M., “A Superconducting Bolometer for Infrared Measurements.” 
Ibid., p. 419. 

** Andrews, D. H., Milton, R. M., and DeSorbo, W., “A Fast Superconducting 
Bolometer.” Journal of the Optical Society of America, Vol. 36, No. 9 (September, 
1946), p. 518. 

** “Low-Temperature Research.” Heating and Ventilating, Vol. 43, No. 12 
(December, 1946), p. 93. 
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where it does work. The exhaust from the engine passes to the heat 
exchanger to cool the incoming helium. The entire unit weighs about 
i ton and will find application in metallurgical research on thermal con¬ 
ductivity, embrittlement, and other characteristics. 

Lyophilization. A comparatively new application of refrigeration 
is in lyophilization, or desiccation in the frozen state. This process is 
used for drying substances that change chemically or physically when 
heated. It is used principally in the pharmaceutical field but may be 
applied elsewhere. The product to be dried, for example blood serum 
or penicillin, is first frozen and then placed in a chamber that can be 
evacuated. Refrigeration is used not only to freeze the substance but 
also to remove the moisture ahead of the vacuum pump in the air being 
evacuated from the product storage chamber. The vacuum pump aids 
drying by creating and maintaining an extremely low vapor pressure in 
the chamber. 

Plumbing. In 1947 a British firm announced a portable unit designed 
to stop the flow of water quickly in a leaking pipe to permit repairs. 
Refrigerant is circulated through a tool that freezes the water in the pipe 
at the point of application and is useful if a handy shutoff value has not 
been provided. 27 

Building Construction. Civil engineering projects often require or are 
greatly aided by refrigeration. Methods of controlling moisture-laden 
soil by freezing have been used for many years to prevent cave-ins and to 
obtain soil samples. Refrigeration has reduced the time required to sink 
shafts and make tunnels through water-bearing strata, also simplifying 
the work. Other applications include the cooling of many massive con¬ 
crete structures during construction. Cooling is used to remove the 
heat of hydration and to hasten the shrinkage of concrete. It is 
particularly useful in the construction of dams, which are ordinarily 
made in 5-ft lifts. The time between the pouring of the lifts can be 
reduced, and the lifts are more nearly in their final shape before being 
loaded and placed under stress. 

Ice and chilled water have been used in making the concrete mix, and 
copper or thin steel coils, usually of 1 in. O.D. and spaced from 2£ to 6 ft 
on centers, have been embedded in the structure. Chilled water is then 
circulated through the coils. 28 
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PROBLEMS 

17.1. Determine the cost of obtaining 1,500,000 Btu (a) with 12,000 Btu per 
pound of coal at $15 per ton, (b) with 140,000 Btu per gallon of oil at 9.6<f per 
gallon, (c) 1000 Btu per cubic foot of gas at 75ft per 1000 cu ft, and (d) for a heat 
pump with a coefficient of 4 with electricity at 1.5ft per kilowatt-hour. 

17.2. Using the data in Fig. 12.5 and assuming that the compressor capacity 
plus the horsepower input is available as heat in the condenser, calculate the 
coefficient of performance for a heat pump at 105 F condensing and 25 F suction. 
Assume that the actual energy input to the compressor motor is 12.5 per cent 
greater than the horsepower input to account for the motor efficiency. 

17.3. Determine the coefficient of performance of a heat pump at 40 F 
suction and at (a) 100 psi, (b) 120 psi, and (c) 140 psi condensing pressures, 
using Fig. 12.5. Assume that the compressor capacity plus the horsepower input 
are available as heat at the condenser and the actual compressor motor input is 
12.5 per cent greater than the horsepower input. 

17.4. How many ton-days of refrigeration are required to produce 10 tons 
of ice per day at 12 F from water)at 72 F if miscellaneous losses are 15 per cent 
of the chilling and freezing load? 

17.5. Calculate the tons of refrigeration required to freeze in 4 hr -J in. of 
50 F water on a skating rink 200 X 100 ft if the ground temperature is 50 F and 
the air temperature above the rink is 60 F. The heat-transfer coefficient from 
the air to the 32 F ice is 1.2 Btu per (hr)(sq ft)(F), and the heat-transfer coeffi¬ 
cient from the ground to the 20 F ice 0.06 Btu per (hr)(sq ft)(F). 


CHAPTER 18 


Air Conditioning 

18.1. Definition and History. Air Conditioning is the simultaneous 
control of the temperature, humidity, motion, and purity of the atmos¬ 
phere in a confined space. Credit for first using the expression is given 
to S. W. Cramer, who presented a paper on humidity control in textile 
mills before the National Cotton Manufacturers’ Association in 1907. 
The term “yam conditioning” was in common usage, and “air condition¬ 
ing” seemed to be a logical expression for the process of controlling the 
atmospheric conditions. 

When most people hear the expression “air conditioning,” they think 
of a cool temperature in a theater or restaurant in the summer and gen¬ 
erally regard it as a development of the 1930’s. However, by definition, 
air conditioning applies in the heating season as well as in the cooling 
season, and the air-conditioning industry really obtained its start in 
industrial applications in the early part of this century. Since the refrig¬ 
erating engineer is more interested in summer air conditioning than in 
winter air conditioning, the discussion in this text will be concerned 
mainly with the former. 

Summer air conditioning includes cooling, which may be accomplished 
by one of several means. The best method for a given application 
depends upon the local atmospheric conditions; the quantity, tempera¬ 
ture, and cost of water available; the type and cost of steam, gas, or 
electric power available; and the nature of the application itself. The 
following are the most common types of air-cooling systems: 

1. Direct refrigeration system, in which the refrigerant evaporator is 
an air-cooling unit placed so that the air to be cooled passes directly over 
it. 

2. Indirect refrigeration system, in which the refrigerant evaporator 
cools a circulating medium, such as water or brine, which in turn is used 
in the air-cooling unit. 

3. Well-water system circulating the water through the air-cooling 
unit. 

4. Combination refrigeration and well-water system. 

5. Evaporative cooling system, in which the air-cooling unit is an air 
washer or other device presenting a large amount of wetted surface in the 
air stream and the water used is recirculated. Only enough fresh water 
is added to make up for that which evaporates and to flush out the system 
periodically. 
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In addition to the type of cooling equipment to use, the method of air 
distribution employed must be given careful consideration. Often the 
latter is the most critical part of the installation. Industrial applications 
may require an even temperature and air movement throughout. Dis¬ 
agreeable drafts must be avoided in comfort applications. Satisfactory 
methods of supplying air from either the ceiling or side wall are known. 
If commercial outlets are to be used, reliable data on them are available 
from several manufacturers. In considering the duct-sizing methods 
used, experience has indicated that less field adjustment and trouble are 
experienced when the static regain method 1 is used. 

18.2. Direct and Indirect Refrigeration. Direct refrigeration is used 
in self-contained air-conditioning units and in most air-conditioning 
systems under 100 tons capacity in which the air-cooling equipment can 
be located near the refrigeration machine. Of course, most centrifugal 
compressor installations are indirect systems in which water or brine is 
chilled and then piped to the air-cooling units, which may be either coils 
or washers. With washers, little more than a 7 F rise in water tempera¬ 
ture can be obtained, and more space and more maintenance are required 
than with coils. For these reasons finned air-cooling coils are now used 
in most new installations. If winter humidification is needed, a few small 
nozzles can be used effectively to spray water over the coil surfaces. A 
study of the economics involved and of the equipment space limitations 
must be made to determine whether indirect or direct systems should be 
used. Figure 18.1 shows a compact factory-assembled air-conditioning 
unit with evaporative condenser. These units are made in capacities 
from 3 to 40 tons. 

18.3. Well Water. Well water may be used as the air-cooling medium 
if its temperature is low enough and if it is available in sufficient quantity. 
The water temperature is very important, particularly in localities where 
dehumidification as well as cooling is required. The water temperature 
must be a few degrees below the required apparatus dew-point tempera¬ 
ture. For example, a community having 52 F well water available uses 
it for air-conditioning offices and sparsely populated stores but must use 
refrigeration in restaurants and other places with high latent heat loads. 

When the water available is about 60 F, it may be economical to use 
the water first in an outside-air precooling coil and then in the refrigerant 
condenser. In some instances the water from the condenser, whether it 
be well water or other, is run through a coil to reheat the dehumidified 
air, is piped to the roof and sprayed over the desired area to reduce the 
heat gain, or is piped to sprinkle the lawn. Provision may be made for 
one or more of these additional water uses, which may be installed in 

‘Carrier, W. H., Cheme, R. E., and Grant, W. A., Modem Air Conditioning , 
Heating and Ventilating. New York: Pitman Publishing Corporation, 1940, pp. 
240-243. 
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series, but it is recommended that by-pass pipe connections bo .included 
to provide a meaiis of control. 

18.4. Evaporative Cooling. Tlus inexpensive means of cooling nmy 
he used in climates where the outside wet-bulb ternpemtutv does not 
exceed the required dew-point temperature rtfThe supply arty &s m certain 
parts of southwest ore United States. HfHUreuUiieci wafer is sprayed into 
the air. which is cooled along the wet bulb line. The heat removed in 


conditioner, coUipn^iTf r ?aittl 


Fig. 

e.vapomtivc- raudengef umi. Courtesy -Fnitckl Mt 

faw*$a$ the dry-bulb temperature of theair is absorbed by themoisture, 
wTtb’h eyaprirtttcs and rayies the humidity of the air. The iecireulafced 
«■ otec remains at. the air wet-bulb tempctaiuic with m 'external' heating 
dr ?cocdibg;^ihd; '. iyy/ ’i^laceTh^t'tyfncdiia.ev’ap-^ 

>Fafcetl.. In some units capillary tubes or shredded woody elremically 
^CJSbt^.^io'-^vent .rot and y«ior t or metal wool. ^^ «aed'instead qf spray 
kb*sle« to present the necessarywater surface fpt 

IB.S, Industrial Applications. Few peop^ realise* fch&t&vr condi- 
is used extensively—until about almost exclusively—in 

imnufacturing plants Controlled air conditkms arc essential fft tic 
>»n.nufacture of rayon and various plastics, in color printing, in. making 





TABLE 18.1 

Regain of Hygroscopic Materials* 

Moisture Content Expressed in Per Cent of Dry Weight of the Substance at Various Relative Humidities—Temperature, 75 F 
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From Heating Ventilating Air Conditioning Guide 1948 , Chapter 45. 
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many pharmaceuticals, in the tobacco industry, in the manufacture, 
development, and reproduction of photographic materials, in precision 
machine works for year-round production, and in the control of the quality 
of chocolates, certain candies, gum, matches, felt goods, several textiles, 
patent leather, electrical equipment, and any hygroscopic products. 

Hygroscopic materials are those in which the moisture content 
increases or decreases when they are exposed to varying humidity con¬ 
ditions. Some hygroscopic materials expand and contract appreciably 
with changes in moisture content. One example of this is wood, as evi¬ 
denced in the swelling of doors and window sashes in the humid sum¬ 
mer atmosphere as compared with their shrinkage in the dry winter 
atmosphere. 

Hygroscopic moisture is different from the moisture content obtained 
by contact with liquid water. If a wet cloth is placed in a room, it will 
lose moisture until it is apparently dry. The moisture retained in the 
cloth, which appears dry and has reached an equilibrium condition, is 
the hygroscopic moisture. If the cloth is heated in a drying chamber 
until no more moisture can be driven out, the final constant weight is 
called the bone-dry weight for the drying-chamber conditions. The ratio 
of hygroscopic moisture in a material to its bone-dry weight wben 
expressed as a percentage is called regain. Moisture content is generally 
indicated as a percentage of the total‘weight and includes both hygroscopic 
and surface moisture. Table 18.1 shows that moisture-regain values for 
various materials vary widely with changes in humidity. For this reason 
specific standards of regain have been established for products that are 
sold by the pound. 

Benefits to the workers’ health and comfort are incidental in industrial 
air conditioning, but often the design conditions can be adjusted to be as 
near the comfort zone conditions as possible. Specific details of several 
particular applications will be discussed in the following sections. 

18.6. Textiles. Both air conditioning and refrigeration are essential 
in rayon manufacture, in order to control the weight and degree of chem¬ 
ical reaction, to protect the worker from toxic by-products, to control the 
regain in the final product, to protect the product from dirt and perspira¬ 
tion, and to improve worker health and efficiency.® 

There are not a great many rayon plants, but most of them are large 
and employ several large centrifugal refrigeration compressors for cooling 
purposes. The two chief processes used are referred to as viscose and 
acetate or as wet and dry spinning, respectively, both of which are 24-hr- 
per-day operations and require reliable air-conditioning equipment. 

Recommended conditions for several textile processes are given in 

* Refrigerating Data Book, Refrigeration Applications Volume, 2d ed. New York: 
American Society of Refrigerating Engineers, 1946. “Rayon Manufacture,” Chap¬ 
ter 74, p. 650. 


518 . 7 ] 


AIR CONDITIONING 


415 


Table 18.2. With the development of air conditioning it was possible to 
obtain these conditions and provide year-round plant operation in proc¬ 
essing mills located near the source of the raw material. In general, an 
increase in relative humidity increases the length, weight, denier, elonga¬ 
tion, softness, flexibility, pliability, and limpidity of yams but decreases 
their strength. A decrease in relative humidity has the opposite effect. 

18.7. Printing. Air conditioning .has helped to solve some of the 
troublesome problems of the printer. Variations in weather cause dis¬ 
torting, curling, and buckling of papers, static electricity, misregister of 

TABLE 18.2 

Temperatures and Humidities Applicable to Textile Air Conditioning 4 



Temperature 

Relative 

Process 

Fahrenheit, 

Humidity, 


Degrees 

Per Cent 

Carding 

75 to 80 

5Q to 55 

Combing 

75 to 80 

60 to 65 

Cotton Roving 

75 to 80 

50 to 60 

Spinning 

60 to 80 

50 to 70 

Weaving 

68 to 75 

85 

Spinning 

70 

85 

Rayon Throwing 

70 

60 

Weaving 

75 to 88 

60 to 75 

Dressing 

75 to 80 

60 to 65 

Silk Spinning 

75 to 80 

65 to 70 

Throwing 

75 to 80 

65 to 70 

Weaving 

75 to 80 

60 to 70 

Carding 

75 to 80 

65 to 70 

Wool Spinning 

75 to 80 

55 to 60 

Weaving 

75 to 80 

50 to 55 

Testing Laboratory 

70 

65 


color printing, ink offset, ink misting, troubles with composition rolls, and 
distortion of wooden cut mounts. Most of these result from the reactions 
of the hygroscopic materials involved. Separate consideration must be 
given to multicolor offset lithography, sheet-fed gravue, wet-process color 
printing and engraving, letterpress, other sheet-fed processes, and news¬ 
paper and other web-fed printing. Control of relative humidity is most 
important and often results in fairly constant temperature conditions. 

In multicolor offset printing it is necessary to precondition the paper 
properly as well as to control the atmospheric conditions. The paper 
must be able to lose moisture to the atmosphere at the same rate that it 
picks up water from the moisture used on the printing plate. Generally, 
preconditioning to equilibrium in a room with 5 to 8 per cent higher rela- 


4 From Heating Ventilating Air Conditioning Guide 19^8 y Chapter 45. 
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tive humidity than in the pressroom is needed. A humidity of between 
40 and 55 per cent may be selected for the pressrooms; 48 per cent is con¬ 
sidered best. Control within 2 per cent relative humidity is required 
with a temperature variation of ± 5 F. 

Sheet-fed processes require a selected humidity between 40 and 55 
per cent, with 50 per cent recommended. Control within 5 per cent 
relative humidity and 7 F dry bulb is necessary. Web-fed processes 
require 55 per cent relative humidity to prevent edge cracks and static 
electricity. Control within 5 per cent relative humidity and 10 F dry 
bulb is recommended. 

Storage conditions for paper are important. The installation of a 
good air-conditioning system in the pressroom will not necessarily solve 
all the problems. Paper received during cool weather should be warmed 
to storage-room temperature before the package is opened. After it is 
opened, it should be conditioned immediately for presswork if it is not 
already in the proper state.* 

18.8. Candy and Gum. Before confectionery manufacturers used air 
conditioning, they frequently produced products of inferior quality or 
lost large batches when the weather suddenly changed. Often they were 
required to stop operations during certain seasons of the year. A sizable 
portion of the cooling load in a candy plant, as in a printing plant and in 
many other industrial plants, is the heat from power driven and gas con¬ 
suming equipment. 

The various types of products and processes require different condi¬ 
tions and methods of treatment. Usually the production manager or 
foreman knows what the desired optimum conditions are, and so the air 
conditioning engineer should work closely with him. 

A constant relative humidity of 50 per cent is recommended for the 
starch room, where the bonbon centers for chocolates are made. If pure 
cane sugar is used, the temperature should be 85 F; but if glucose is used, 
the temperature should be 75 F. Glucose is more hygroscopic and more 
susceptible to higher temperatures. 

Hard candy is sensitive to atmospheric conditions. The best product 
is obtained at about 70 F and 35 to 45 per cent relative humidity. The 
higher the percentage of cane sugar used, the greater the relative humidity 
recommended. 

In making chocolate bars a rapid air circulation is needed to give a 
quick set and a high gloss. Cooler space conditions of 35 to 45 F and 80 
per cent humidity are used. Too rapid cooling causes cracking. The 
receiving room from the cooler should be at 65 F and 45 per cent humidity. 

Chocolate-coated candies require conditions depending upon the 
product composition, and slow cooling is recommended. The air dew- 

6 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946. “Printing Plants,” Chapter 72, 
D. 638, , 
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point temperature is important in the chocolate-dipping room for bon¬ 
bons. Conditions of 61 F and 50 per cent or 67 F and 40 per cent are 
satisfactory. 

In making gum, moisture should be evaporated from the starch at the 
same rate that the starch absorbs moisture from the gum; the importance 
of humidity and temperature control in this operation is apparent. 

Candy storage rooms should be kept at 70 F and 40 per cent relative 
hu^midity. Nuts should be stored at 30 to 32 F and 75 to 80 per cent 
relative humidity.* 

18.9. Low-Humidity Applications. 

Drugs and Chemicals. Bottles for packaging hygroscopic products 
must be dried out. Relative humidities down to 5 per cent are required 
in some cases. Humidities below 15 per cent are more economically 
obtained with absorption or adsorption dehumidification equipment; 
otherwise, refrigeration equipment is often used. 

A 70 F and 30 to 50 per cent humidity condition is required to prevent 
colloids from absorbing moisture and becoming sticky. Cough-drop 
covering should be done at 80 F and 40 per cent. Effervescent tablets 
need a 90 F and 15 per cent condition for manufacture. Gelatin capsules 
require air having not more than 0.25 grain of water per cubic foot. 
Glandular products and extracts must be kept below 83 F. Hypodermics 
are handled in atmospheres of 30 per cent humidity. Coated pills should 
be made in controlled atmospheres to control the product quality. 

There are too many chemicals to allow consideration here of the con¬ 
ditions required for the manufacture of each. Their properties must be 
studied and experimental conditions tried for new products. Many 
plastics are made from hygroscopic materials that must be kept and mixed 
in low-humidity rooms. Figure 18.2 shows the air-conditioning duct-, 
work in a small chemical laboratory. 

Libraries and Museums. Adverse temperature and humidity con¬ 
ditions, as well as light, dust, acid vapors, and impurities in the materials 
are the main deteriorating agents to art and written records. Recom¬ 
mended conditions are 70 to 80 F and 40 to 50 per cent relative humidity. 
In addition to installations in libraries and museums, systems have been 
bought by individuals for their residences in order to preserve their rugs, 
tapestries, paintings, antiques, suits of armor, and various relics. Often 
the sensible heat load is small, so that reheat is needed with refrigeration 
systems. Chemical dehumidification systems, some with refrigeration 
aftercoolers, have been used for large installations. 7 

• Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Candy Plants,” Chapter 73, 
p. 644. 

7 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Libraries and Museums,” 
Chapter 76, p. 661. 







Fig. 18.2. Air conditioirung a ihe-micai laboratory. Courtesy C-onsolkteted 
Oas Electric Light and Power i'<),, Baltimore,.- M*i. 

gages piuet be kept at conditions held constant within ± 1 F and ±5 per 
cent huraidity ; since .the. Variation due to u 1 deg-temperature change can 
he' detected ■ in gages. During World War Si the ordnance test-gage 
rooms throughout.' the country were held at 08 F the year round,, with the. 
humidityunder 50 per cent. Humidities under SKU.-perrieot should be. 
maintained to kefcp p&tepiration at a minimum, to prevent eurroaion from 
handling, mu! also to prevent cowlerisation on piirhices. 

De£p popper•, mxd coal mines h&ve been mr-^nditioned in order 

to have inferable working conditions: Crane cabs 1 Loti. must move near 
or bvfer fiiraaiiSM ia the steelmills have an. opera¬ 

tor can work a full 8-*hy shift instead of the vein' short shifts required 
previously 

|8.11. Laboratories and Cabinets. Many email, laboratory rooms 
and cabinets, require closely controlled air cnmlirions for testing or pe»> 
ductiou Work, Ofteti ibe igxftpt et4py{ii4dif^-de^l^;'ls^^-' tswy over a wide 
range of t.eraj jurat tiles and huniiditihs, reijuiring special equipment. 
Control may be obtained by overcooking ami overdehumidifyittg, then 


18.10. Metalworking. Machined parts requiring close toierar*ces, 
parts made in various localities or at Various times of the year and which 
ar!e to be assembled luter, parts requiring sever al days to machine, and 
replacement parts need, to be made ii*controlled Constant temperature 
surroundings so m ; not to expand dr tidqtra^t upevettlyi, Standard tost 
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reheating and rehumidifying, or by controlling a three-way mixing valve 
in the water or brine line to the air-cooling coil. 

18.12. Comfort Air Conditioning. There were only a few comfort 
cooling installations before 1920. Air conditioning of the Rivoli in New 
York City and of other theaters throughout the country in 1925 showed 
that summer slumps in the theater business could be overcome, indicating 
that similar seasonal drops in other commercial businesses could be 
countered. The realization by various establishments of the economic 
advantages of comfort air conditioning gave impetus to the growth of the 
industry. In many of the first installations the temperatures in the air- 
conditioned spaces were too low for comfort and good health. Inside 
design temperatures and thermostat settings were gradually raised from 
70 F to within a few degrees above or below 80 F. 

Personal experiences and results of investigations indicate that worker 
efficiency and morale as well as productivity and profits improve with the 
use of proper air conditioning. Merchants formerly installed air con¬ 
ditioning in order to draw more customers; now they must install it to 
keep from losing customers. The reduction in spoilage of merchandise 
and cleaning bills alone has made it worth while in many instances. Air 
conditioning has arrived, and, like refrigeration, it is here to Stay. In 
1946, in Baltimore alone, air-conditioning contracts (exclusive of room 
coolers) for over 7559 hp were let, including 6711 hp for 299 comfort 
installations. In Chicago in 1946 there were 517 air-conditioning instal¬ 
lations totaling 9335 hp. A lack of equipment to meet the demand 
prevented the total figures from being even greater. 

18.13. Stores. Department Stores offer a variety of problems with 
restaurants and lunch counters, high heat concentrations in lamp depart¬ 
ments, variably populated basements, sparsely populated rug and fur¬ 
niture departments, and sun load in certain spaces. The large stores 
employ water-chilling refrigeration equipment; the chilled water is 
pumped to dehumidifying units that serve several areas, with separate 
fan and duct systems for each. This arrangement permits using a diver¬ 
sity factor so that the dehumidifying and refrigeration equipment can be 
smaller than the sum of the peak loads for all spaces. The equipment 
should be designed to produce 78 F and 50 per cent relative humidity on 
an average peak day. Direct-expansion refrigeration equipment with 
each compressor serving units on one, two, or three floors may be more 
economical for smaller stores. Installation costs in 1948 varied from 
$1.00 to $2.25 per square foot of floor area, with loads varying from 500 
to 200 sq ft of floor per ton. 8 


* Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Department Stores,” Chapter 56, 
p. 517. 
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refrigeration system with one or more debAunidif^'ing tinits, each serving 
one or mote zone fan systems, works out. best . People and lights '.must* 
most of the room load, with the cooking equipment contributing appre¬ 
ciably ih the luneb^otmt-er area. Loads vary rrhnrsq.ft : per 


s&8feii 


mm 


■' .rioN 


*Aw WonjR 


«nw air 

■ 




SSCT«W 


^ Y? %5r 5f* \ , •%» 


' valve 


i39N^*ys§wS 


twmmi 

SLOG** 




Fig: Set^-containeU. air^.oi'flif iyrtjjig unit. ykmnesy Sturte*- 

Vit/ii pfeision, Wcstiiiahcavc F;n <•;t i- t'oip. 

ton, and instaflufion costs in Ids* varied from If :2ft; dp'..$2.25 }>or square 
fmf of floor. * 

'Specialty stare* such as dress. i< welrv, and shoe shops and drugstores 
of medium -site are now e.mditimn-d with the large-size odi-rom&iyied 
units hiivittjr fitris designed for duH work systems. In .small stoves one 
or more .seti-contamed “store coolers" are used more often without duH- 
wufk-but sometimes with short duet systems. A typical unit is .shown. 

'^fiffri^tri0ng-:pt^4 !&fru)i:r<i(t(ir< Applmati&ns Volume, '2h«I di. New York 
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in Fig. 18.3. Outside-air duct connections should be used to provide 
ventilation, reduce odor concentration, and prevent infiltration. Loads 
vary from 350 to 110 sq ft of floor area per ton, and installation costs in 
1948 varied from $1.50 to $3.00 per square foot. 

18.14. Restaurants and Night Clubs. The cooling loads in these and 
similar establishments are quite variable, with the peaks often occurring 
at more than one time in a 24-hr period. There may be considerable heat 
gain from cooking equipment, and this must be separated into sensible 
and latent heat. As much of the cooking equipment as possible should 
be removed from the conditioned space to the kitchen, and the total heat 
output from the equipment remaining in the space can be reduced 50 per 
cent by adequate hooding. Separate outside-air kitchen-supply systems 
with filters and winter tempering coils are recommended to supply air to 
replace the greater part of the air exhausted from the kitchen. Failure 
to provide such supply-air systems has given rise to many troubles and 
complaints. 

The high concentration of people generally produces a low sensible- 
heat factor, necessitating a low apparatus dew point and also requiring, 
a high percentage of outside air to relieve the odor and smoke conditions. 
An exhaust system to draw air off the ceiling is recommended where there 
is considerable smoking. Awnings, or at least Venetian blinds, should 
be used on sunlit windows. Door infiltration should be considered, and 
a vestibule or revolving doors should be installed if they would reduce the 
load appreciably. 10 

Activated carbon may be used to advantage to absorb odors and 
reduce the outside-air requirements if smoking is not excessive or if the 
smoke can be effectively removed by exhausting less air than is brought in 
from the outside. Dehumidification by absorption or adsorption equip¬ 
ment has been used in some instances. Self-contained air-conditioning 
units with or without ductwork are used in small establishments. 

Design loads vary from 135 to 75 sq ft per ton, and installation costs 
in 1948 were between $2 and $5 per square foot of floor area. 

18.15. Multiroom Buildings. These include office buildings, hotel 
guest rooms, apartments, hospital private rooms and wards, and pas¬ 
senger-ship staterooms. Most of the rooms have one or more outside 
exposed walls so that the sun load must often receive careful consideration 
and study. The light load may also be of considerable magnitude, and 
the question then arises whether the lights will be on or off when the sun 
load occurs. The lights are seldom turned off in offices where artificial 
light is required for part of the day, but they are usually turned off in the 
rooms of other buildings when sun shines through the windows. 

10 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers. 1946, “Eating and Amusement Places,’’ 
Chapter 59, p. 544. 
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Since the 3t»lar hent gain » eongtantJy shifting, ships and buildings 
having rooms: wptii di|Twe&i. exposures b$dwtwkl v .Y This means that 

at least ope separate duct system wit Si its .<rtvn control sdiould serve those 
rooms exposed to the oust and likewise for those to the south, to the west 
to the norths find also lor the tntjsjrior rooms. Provision shotilddre made 
to meet the critical sunny fall and spring days when heating is required 
for the north rooms and cooling for the south rooms. ** “ ’• 
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• Fig'.. j.8.4. Wmdow-typc roOHi cooler.■ Courtesy York 
Corp., York. Ffenna. 

Heat from hot-water pipes, from internal equipment, and from adjoin¬ 
ing warm spaces must not lie overlooked. In accordance with the latent 
practice, the ootside-air qtmistity is computed from the tallies in Table 

TABLE IS 3 

Vks-tilatton St* m>aiu>s 11 

yGV .v Outside cfm par sq ft ; 

Typ* «f Building Flour. v 4rr»* 

Office huii,Engs . . . ■. 20 - 25 

Apartment^ .. ...... 25-JH) 

Hotel gc'/t-t remits., . ... 30- 35 

Hospital patient. room? . . . .30- 35 

18.3. These values ate safisfaefory, since there are few or no people 
smoking in the densely populated areas and the greatest: amount r>f 
smoking.is done in the large private offices. 

In.new buildings individual units are being installed in rhe small and 
private office and supplied with dehumidified outside air at eoni-entioEuil 
' eloctiH's from duos below or in the floor or from vertical high-pressure, 
htgh-yek^ify ftonduits of d to S in. diameter. Tn either case recirculated 


b From Hrfjnjjtratini] [into Book, Vtdhmr, 2nd wj. N<?rr 

Y’erk: AnicrittaiT Society ML fU'iritt^r^tVnit Ensiowra.. Iftifl.Multi^ootn Buildings. ' 
A’haju*->• Oi. {, J,54 
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air from the room h induced over a water roil and mixed with the high- 
pressure jet Asf hHe' primary aor and dis»;hairged back into the. room It 
only a few small office* are to he booled, self-contained room coolers of 
i to Is tons such &*> shown in Figs-, 18.1 and J 8.5. are used. 

Loads for office bujidmgs vary from 500 to 200 sq ft ]>er ton, and 1948 
installation coats ranged from II 25 to §>4 SO per square foot of floor area. 
For apartments and hotel rooms the values ore 900 to hX>nq, ft per ton. 

18,16, Amusement Spaces. 

Theaterx. Many changes in equipment abi system denlgit for tiiealej 
air conditioning have been made sine* - llie- ''him-' Apgcje*. Metropolitan 


18.5. (Jonsi4e~ty|M: roetn 

(’curtesy York C'erp, York 


cooler. 

ibfatoa. 


Theater installation in 1023. Enough 'experience ha* l*een gained to 
formulate standard recommendations. 

The cooling load consists ^nainiy-pi. fhh 'wisfatjiant# and of the dessgu 
outside-air quantity which is based upon the accupiauey~ The average 
raan gives off 40Ct Ktu per hour but the average woman piily 35014t(t per 
hour and the average child 270. Thus,; if.^he^udion^ consists ah 
appreciable percentage of wxhnen and niuldfen, thy averiigc heat gain per 
occupant may be as low’ as 350 Btu per hour The muuqium puisidOr-air 
qipintity used ivh.en smoking is not allowed is 5 rfm per person, but this 
usually will not prmddo enough dilution to rethice the odor concentration 
below that, .generally preferred. A -.value of G.25 efrn per occupant, 
including standees, is recommended,but the yatae acttially used depends 
uponThe type and fealio-n of the theater. 

Inside design venditions of 78 to 80 F with-55 per cent relative humid¬ 
ity are recommended. The apparatus dew point, will then be slightly 
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above 53 F. Downward diffusion or horizontal diffusion of the supply 
air may be used. In horizontal diffusion, blowing from the side or from 
rear to front is preferred, and 15 to 18 cfm per occupant is sufficient. 
About 25 cfm per occupant is required with downward diffusion to pre¬ 
vent cold spots. As in other applications, provision should be made for 
handling all the air from the outside in mild weather in order to save on 
operating costs. Incidentally, the installation of radiation at all doors 
and on the stage is recommended. 14 

Total loads vary from 20 to 15 seats per ton, and installation costs in 
1948 ranged from $15 to $30 per seat. 

Bowling Alleys. Air conditioning has also made it possible for these 
establishments to function the year round. When estimating the load. 
490 Btu sensible heat and 1010 Btu latent heat per bowler is used, but 
only one person por alley can actually bowl at any one time. Only the 
occupied space is conditioned, and air is distributed either from the 
side or toward the bowler from a short distance down the alleys. 

Dance Halls and Skating Rinks. An adult actively dancing or skating 
produces about 450 Btu per hour sensible heat and about 940 Btu per hour 
latent heat. It should be remembered, however, that all those present 
are not actively participating all the time. 

18.17. Transportation. 

Trains. The railroad industry was the first in this classification to use 
air-conditioning equipment, initially installing it in about 1930. Three 
methods of refrigeration are used at present: ice bunkers, mechanical 
compression, and steam ejection. Initial cost of the ice system is low, 
but operation cost is high, so it would be most practical where the season 
is short and ice is inexpensive, as in Canada. Costs of the other two 
systems are comparable. Electric drive, intemal-combustion-engine 
drive or direct-shaft drive may be used for compression systems. Each 
system has certain advantages and disadvantages. 1 * The cooling load 
per car is from 6 to 8 tons, and 2000 to 2400 cfm with 25 per cent outside 
air is circulated. Typical refrigeration and related equipment installed 
in a train built in 1947 is shown in Fig. 18.6. • 

Airplanes are continually being changed in design and operation, so 
that any specific information given may soon be out of date. It appears 
that the practical way to absorb the heat of pressurization is by air-to- 
air refrigeration. Light, high-speed 5-ton units seem to be preferred. 
Since the load while on the ground greatly exceeds that in flight, mobile 


11 From Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New 
York: American Society of Refrigerating Engineers, 1946, “Theaters,” Chapter 61, 
p. 573. 

11 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Passenger Cars,” Chapter 63, 
p. 596. 
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self-contained units or underground units at loading locations are con¬ 
nected to commercial planes that are awaiting takeoff. 14,1 (See §7 10. ) 


VVcrktj ^ 
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Passengt.T-trsin rt*fri>f/’rO ion. Courtesy Frigidiure Division, General 
■ Motors? Corp. 


Fig. 18.7, ("'ombUiutiti/t supply- and 
return-air ceiling null. Courtly Con¬ 
solidated Ga« Klcetpc liighi aftd Power 


Buses and trdUeljS &ve new applications. Air conditioning was first 
applied lo.ffegt operation in 1038, but by 1912, 75 per cent, of all intercity 

“ MM.r'Mrpfotm" crtmptvr 66. p, 606, A ||£| 7' • 1 . : ; 

"Air {''(imtitionioK * Luxury Airliner" Ij^nlunj find prnUluUug. V**l. 43, N-<. 10 
.{October, 11M6), |>: Oa. 

3* n Befrigertitiori for Air Coftditjoniag WrcXAtt-”’■ iisaltng, Piping and Air 
Goti&iUotring, Vat. !8. N*.«. 4, p. 70. 
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Fig.-. .18,8- Diagram »•)" ali-yoNr «if-o.iuUUomug eyrie. Courtesy Serve!, luc. 

buses uiifl^r !‘;or*strttpiion wm* att-eqrtditjpned. Me&h&ujt&l compres¬ 
sion Unit ^ drtVfttt fi*iiu:tW warn'eugine'i>r by a separate gasoline 

ehgmeA Fre&en?equipment weighs from 100U to 1200 lb, or 20 per cent 
pf the total pa^st>ttghr laa<i. Capacities range irorn 3.5 to 4 tons for 35- 
tp lO-piiSst’-Bger buses. Heut.-absorbing glass and double s&sk ar^destr- 
tibie, but the latter at Ids weight. Air supply through a perforated ceiling 
i& probably the Insai pAfredoreA 1 Greyhound started t.p |>ufAp.Pjwyaibin 
I §00 new air-eoodftioned S^pussengyr buses ih' j 347 and built aii exper- 
imeM&l l^paeteflger^kfciier^eif^pj* fbt; Ipttc rynsc details for 

air-copditkaiing 3b and 41-passenger buses havebeen published.'* 

> An iiir-ro!Hiitione<l trolley roach iii; Atlanta was *o successful that 100 
additional-■ coaches were ordered; some details- af this venture have. l%?h 
published 59 

ft* f r >(j f rating Dot/i Book. a'.-.'V-.'V/.'■*•';/•?•*• .1 c<»#/U Volume, '2nd ini. New York: 

Attterte&o Sor-ii-tv of liefr.iger^titjg Pngun-r-rs ttetfi, • buses. 1 ' Chapter 64, n> 601. 

‘"••Air t'nndilioucU i'lisi.-, ’ [Jt'yting anti I'rriiiioiiap, Vol. 43, No. 2 < lYbruarv, 
I&46), j-,. -SO. 

Btf A *Moiling and Ventilating, 

Vol. 43. No. 4 * AAdcVAA"Ai ; - ■' ••'■, ' ; 0 >: ■; 

w " i ’v>o ):A TVn(li>ji <'v(rtf4u^-“ k-rsit-avi nncl Wiilt/altng, Vol. !4, No. 4 ( April. 
15H7J, p. 111. 
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18,18. Residences, The potential rft&rket fo* jair condi¬ 

tioning is tremendous. The Edison Electric institute repotted in 1942 


HP 


*ps msme, 
IteaiPisji, 

“.sorption refrigeration 
Courtesy Servcl* Inc. 


mm 

:fe&x>v 


unit, t'oart^ Bcrvci. Ine, ' : • • >'■ 

that only 22,000 of '21^100,(100 urh&p homes xvitb eleot rieitv had air-con- 
diticnirig installations, and new homes are luvingbuilt as fast as possible 
since World War II. The cost of the equipment still remains as the 
unsolved problem and presents fjic gloat ast obstacle to widespread Usage, 
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There is a challenge to engineers toAmeeiV-an^ ^lyeJhis.hy new apptieii- 
tion. design, or j» eduction procedure. 

Moat of w f*i>OJ l rftharoiwp'a and solar heat , which pre¬ 

sents a control problem to large houses as-the sun load shifts during the 




t8.tr AiI»y*W ;uf-<-..n>jiUo:.ui(r iqtiipnn-rit Court«-sy h'<iv>-{, bn. 

day. H is necessary in install refi-igeration eapututy only for the aftaxi- 
ittUtoi load ,f<jr tfe house os a wholeand not for the. tot at of the maximum 
room loads. ..-With forced-air systems high-side-wall supply registers am 
preferred, jipd vyith proper location of these and of return grilles?. Use apme 
system may be used for heating. If the duet work -can be located nbovo 
tire .veiling, roro hi nation supply and return-air units eah be 1used far 
cooling, as shown in Fig. 18.7. 
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Self-contained room coolers such as are shown in Figs. 18.4 and 18.5 
Are sometimes used if it is not desired to cool the entire house. Year- 
round gas-fired units using absorption refrigeration have been developed 
in recent years, as well as the electric-driven heat-pump units for the 
central-type system. The schematic diagram of an all-year gas-fired air- 
conditioning unit is shown in Fig. 18.8 and the refrigeration equipment 
only in Fig. 18.9. The external casing is shown in Fig. 18.10 and the 
entire unit in Fig. 18.11. More air is desired for cooling than normally is 
used in forced-air heating, so that larger ducts should be used. Satis¬ 
factory results can be obtained in some cases by installing a cooling coil 
in an existing forced-air heating system. 
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PROBLEMS 

18.1. A quantity of skein wool weighs 100 lb after reaching equilibrium at 
75 F and 80 per cent humidity. How much will it weigh after equilibrium if 
removed to a 20 per cent humidity room? 

18.2. How much will kraft wrapping paper weigh at 80 per cent humidity 
per pound of paper at 10 per cent humidity? 

18.3. Two adjoining spaces each of 3000 sq ft floor area are to be air-con¬ 
ditioned. One is to be a restaurant and bar, the other a ladies’ dress shop. 
What would be the probable range of refrigeration tonnage for each and the 
probable range of cost of air conditioning at 1948 prices? 

18.4. Calculate the total cooling load for the following office in Philadelphia: 


Inside conditions: 78 F dry bulb, 66 F wet bulb 

Net east wall, 12-in. brick, -y-in. plaster. 99 sq ft 

Net east glass with inside Venetian blinds. 48 sq ft 

Gross window area. 58 sq ft 

Partitions, 4-in. tile, plastered each side. 442 sq ft 

Glass partition. 93 sq ft 

Floor, asphalt tile, 4-in. concrete furred and plastered... 270 sq ft 

Ceiling, same as floor. 270 sq ft 

Occupants. 3 

Adjoining spaces: nonconditioned offices 


18.5. (a) Using the median value from the range of values given for each 
case in the text, determine the floor area or number of seats that a 50-ton air- 
conditioning system would serve for each of the following: restaurant, dress shop, 
five-and-ten-cent store, and theater, (b) About how much would each system 
cost at 1947 prices? 









CHAPTER 19 

Food Preservation 


19.1. General. Although “man shall not live by bread alone/' food 
and drink are necessary, and refrigeration is essential in many phases of 
the preparation, storage, and distribution of various foods and beverages. 
The primary purpose of food refrigeration is to aid preservation, which 
has contributed greatly toward increasing the standard of living as well 
as reducing wastage. 

There are four distinct scientific approaches to the problem of food 
preservation: heat treatment as applied in canning, drying or dehydration, 
physico-chemical modifications, and refrigeration. The primary purpose 
in each of these methods is to arrest the growth, to inhibit the action, or 
actually to destroy the microbiological and enzymic agencies that even¬ 
tually would break down, deteriorate, or spoil the food substance. All 
are based on scientific principles w hich can be understood or applied most 
effectively after studying the results of the research work that has been 
conducted in that particular field. 

Nicolas Appert has been credited w'ith the discovery of canning in 
1809 in France. He w r on great acclaim and was awarded 12,000 francs 
by the emperor Napoleon for his crude method of preserving food in 
bottles. Canning continued to be the most popular method of preserving 
food in small quantities for over a century, but modem refrigeration is 
the most promising for preserving foods in their natural state for com¬ 
paratively long periods of time. “And few patrons want to go back to 
canning and pickling after they have eaten frozen food.” 1 Food pres¬ 
ervation was one of the first applications of mechanical refrigeration; even 
frozen meat w r as successfully shipped from the United States to England 
as early as 1875. The recent great expansion in this field probably will 
continue, since it is being constantly aided by research and development 
work.’ 

The refrigeration method of preserving is applied in various ways to 
different products. Chilling of a fruit or vegetable retards its rate of 
maturing and thus may prolong its life. Keeping a product at a reduced 
temperature also retards the spread of bacteria that would cause the 
product to spoil if allowed to become active. Many food products can 
be preserved and made to retain their original flavor and texture by proper 

1 “Freezer Lockers.” Fortune , Vol. 36, No. 3 (September, 1947), p. 198. 

* Prescott, S. C., “The Progress of Research in Refrigeration.” Refrigerating 
Engineering, Vol. 53, No. 1 (January, 1947), p. 15. 
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freezing. Several of the applications of refrigeration in food preservation 
will be explained in the following sections. 

19.2. Food Freezing. 

Theory. The practical benefits of extremely fast over slow freezing 
rates have been clearly demonstrated. The advantages are attributed 
to phenomena as explained by two theories, both of which probably apply. 

The mechanical theory points out that plant and animal tissues consist 
of many cells containing and surrounded by a liquid having various types 
of substances in solution or suspension. Among the changes that take 
place during cooling below 32 F is the formation of ice crystals. Most 
of the crystals form between 31 and 25 F, but small amounts may con¬ 
tinue to freeze out until — 70 F is reached. The amount of ice formed at 
any given temperature seldom varies with different chilling rates, but the 
size of the ice crystals varies inversely with the speed of freezing. The 
effect is similar to that of a quenched steel. Slow cooling produces fewer 
and larger crystals, which, as they develop and grow, damage the cell 
tissues. Upon thawing, the substance with damaged tissues loses its 
original texture and tasty juices. Since animal cell walls are more elastic 
than fruit and vegetable cell walls, the former are not broken so easily, 
and their freezing rate is not so critical. 

The physico-chemical theory asserts that during the formation of ice 
crystals the remaining solution continually becomes more highly concen¬ 
trated with the dissolved salts. This concentration causes a chemical 
salting-out effect so that the soluble proteins become less soluble and may 
precipitate out. The concentrated salts also tend to dehydrate the pro¬ 
tein by osmosis. The protein is thus irreversibly denatured and cannot 
absorb its original moisture, and the original flavor may be lost. Fast 
freezing may congeal the colloidal sol and afford a protection to prevent 
the loss of water by osmosis from the colloid.* 

Methods. It is difficult to classify distinctly the many processes used 
for freezing, since the principles applied often overlap. The principles 
used include convection freezing with air that has been cooled by pipe 
coils, plates, or unit coolers and applied in sharp freezers; air blasts in 
tunnels where the product is conveyed on a belt, on trays, or on trucks as 
shown in Fig. 19.1; direct contact with an edible liquid coolant by spray¬ 
ing it over the product or immersing the product in it; indirect contact 
by placing the product on or against a chilled metal surface; and the 
creation of a high-vacuum atmosphere by steam nozzles so that the 
absolute pressure corresponds to a saturation temperature well below 
freezing. 4 

* Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New 
York: American Society of Refrigerating Engineers, 1946, “Theories and Methods of 
Quick Freezing,” Chapter 1, p. 5. 

4 “Steam Ejector ‘Flash Freezes’ Foods.” Air Conditioning and Refrigeration 
New, Vol. 50, No. 2 (January 13, 1947), p. 14. 
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rty The ecm veetion principles art? cnipioy^l in the freezing room 

of hicker plants, although -re/rigeinkt^it phtfe shelves Are Used in some 
Most domestic. unite used for freezing rely un a corabin&fctdn of connection 
and ni'Jimir • eon tart- These as well as 'the. other principles are applied 
in the systems of eiuuiaertftel Ccmtems that freeze large quantities of 
products,: Bodiu«i ef'doride brine is. used in the spray systems, and either 
sodium chloride brine or itigar sirups are employed in immersion system*. 
Descript ions, disadvantages, and advantages of the various systems are 


Fig. la. t, Frceaiiig uiiit for food conveyed on trays or trucks. Gourtesy York C'ttip.. 

■York, PoUtm. 

giveil in ihe literature^ • •• Relative*2f commercial fcMvi- 
freezing systems hay^Twen ariaJyzcif hv Meek ami Greene 4 and by iHhil 4 e- 7 

The f isne required for freezing a number of djlTcretd product^ by 
-20 F blast freezing m reported by Pollock k shown in Table 19 ! .’ 

Preparation for Freezing. A nyooe cotttemplatmg the quick- 
freezing: of food products should undtirstend fbe similarities and 4tf?er* 
CDcCs bctwcen .tt&inifti, fruit, and vegtdaldo 1‘issttes Fieeauae of These 
dihiunmeus,. Various procedures and dunng quickdreezing opera* 

t .-Are’-, neqdifced for unlike prtx&cis. Animal tissues except oysters 
and. elans s are dead when they .reach-the, freezing plant, but plant; tlesne* 
re main all ye hidil blanched or frozen. ,Tlie.en<»pamiiyely ineja^ tip plan r 
cells require faster fM^zhig rates than; animal • 'tfesdgj,- although some 

■ •'isflC ISihliujaraphy At widr>f ciwpWr. , .' c "y .. 4 

* Mtv-k;. •>. W .-and rtreerur Van Tt. H;, A 'F,rtaLu>U(ng Forti FiwzLug Methods '' 
Ri-fn$tr<iun$ Bnyt'MriiiQ. Vol. f»3.. \V>. 5 ('Mar, 1(147,', 

’ Hulse, i 1 . tV'.. “Uuu-k Freezing Pfortts uad Tiirir Operation.'" Ire ami 
«*/*>*, V«l,:tlSJ, No. 5>M»v. 1*147); $ 13.■ 

* Pulliw'k, E. O,. “Blast .Jvn.-ftziug Plains.”' itefrigeiating Engineering, Vob 45 
No 1 (July. 114 * 4 * 1 CP 
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TABLE 19.1 

Blast Freezer Performance with — 20 F Air* 


Product 

Weight of Container 

Depth of Product 
in Container, in. 

Time Required to 
Reduce to 0 F, min 

1. Peas. 

38 lb tray 

H 

50 

2. Peas. 

23 lb tray 

! 

35 

3. Com. 

44 lb tray 

H 

90 

4. Com. 

24 lb tray 

i 

40 

5. Carrots. 

38 lb tray 

l! 

50 

6. Ground meat... 

100 ib pan—reduced to 20 F in 16 hr 


7. Boneless meat.j 

100 lb box—reduced to 0 F in 25 hr 


8. Boneless meat.. 

50 lb box—reduced to 0 F in 16} hr 



Product 

.1 

Time Required to Reduce to 0 F, hr 

9. Veal chuck, open blast. 

4§ 

10. Lamb carcass, open blast. 

6 

11. 14 lb hams, open blast. 

6 to 8 

12. 5 lb block shrimp, pan. 

3 to 4 

13. 5 lb block fish fillet, pan. 

2 to 3 

14. 5 lb dressed salmon, open blast. 

If 

15. 1 lb box chicken a la king. 

1* 

16. 35 lb wood, closed box poultry. 

12 

17. 36 lb closed carton-poultry, 3$ in. 

94 

18. 22 lb open carton poultry, 3$ in. 

4 

19. 22 lb closed carton poultry, 6 in. 

74 

20. 5 lb block backed beans, pan. 

2f 

21. Turkey, open blast. 

54 


fruits may be mixed with sugar and frozen slowly to allow the sugar to 
penetrate. 10 

Enzymes, which are complex organic substances capable of trans¬ 
forming by catalytic action some other compound, start affecting fruits 
and vegetables directly after harvest. Their reactions must be constantly 
controlled or they may progressively damage the product until it is cooked 
or eaten. The addition of sugar to certain fruits before freezing retards 
any enzyme action and also lessens the leakage of juides during thawing. 
Vegetables are subjected to some form of heat such as blanching, a quick 
scald with hot water or steam, just before freezing in order to stop enzymic 
changes during storage. 

The three causes of fish spoilage are (1) action of bacteria acquired 

•From Pollock, E. O., “Blast Freezing Plants.” Refrigerating Engineering, 
Vol. 48, No. 1 (July, 1944), p. 19. 

10 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Fruits & Vegetables,” Chapter 2, 
p. 10. 
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by handling out of water; (2) oxidation of the oil or fat in the flesh; and 
(3) enzyme action in the tissue which becomes destructive after death. 
Storage at as low a temperature as possible before freezing, freezing as 
soon as possible, providing a lasting glazed ice coating over each piece, and, 
finally, storage at subzero temperatures will keep the three deteriorating 
actions at a minimum. 11 

The important factor in meat preparation is to carry out both the com¬ 
plete slaughtering operation and the transfer of meat into a cooler as 
quickly as possible. This procedure allows a minimum time for exposure 
to temperatures that promote bacteria growth and color deterioration. 
Beef should be aged to improve its tenderness, cuts for steaks and dry 
roasts requiring a longer period than other cuts. Packing plants either 
age their beef about three weeks at 32 to 36 F and 86 to 92 per cent relative 
humidity or for a shorter period at 45 to 60 F with germicidal lamps. 
The tough tissues are broken down by enzyme action, which is faster at 
higher temperatures. Aging of meat to be frozen should not be over 10 
or 12 days at the low temperature. Longer aging decreases the storage 
life; furthermore, it is thought that freezing aids tenderizing. 11 

Product dehydration must also be prevented. To accomplish this 
end, all products must be placed in sealed moistureproof containers 
directly after freezing if they were not placed in them before freezing. 
Only small-sized products that can freeze completely through quickly 
and can be frozen by spraying, immersion, or very low-temperature tunnel 
or other air-blast-type systems are not prepackaged. Most meats are 
packaged before freezing even though immersion or air-blast methods 
are used. Various packaging materials have been tested. 1 * 

. Meats should first be cut to the smallest size desired for the final cook¬ 
ing before eating. Fruits and vegetables should also be frozen in as small 
a package as practical, although this practice is not so critical for well- 
sugared fruits. The larger the package, the longer it takes for the heat 
to be removed from the center, and the freezing time is prolonged. 

Freezing will not improve a product. Therefore only the best quality 

products, including limited varieties of vegetables, should be frozen. 

Lists of the latter are available, together with considerable other detailed 

information on preparation and procedures for freezing foods. 14 
_ « 

11 Refrigerating Data Book, Refrigeration Applications Volume, 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Fish Refrigeration,” Chapter 3, 
p. 15. 

li Ibid,, “Freezing of Meats,” Chapter 5, p. 43. 

11 McCoy, D. C., Cook, S. V., and Hayner, G. A., “Study of Frozen Food Wrap¬ 
ping Materials.” Refrigerating Engineering , Vol. 52, No. 6 (December, 1946), p. 531. 

14 Refrigerating Data Book, Refrigeration Applications Volume , 2nd ed. New York: 
American Society of Refrigerating Engineers, 1946, “Preparation of Fruits and 
Vegetables for Home Freezing,” Chapter 7, p. 66. 

In addition, the national and state departments of agriculture have many avail* 
able publications on the subject, and several books have been published (see Bibli¬ 
ography at end of chapter). 
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In recent years considerable research and experimenting has been 
conducted on frozen precooked foods and completely ready-to-cook foods 
such as pies and other bakery goods. The housewife with a freezing unit 
can prepare foods in larger than normal quantities and freeze some for 
future use. Famous tasty dishes can be prepared, frozen, and shipped to 
her from New Orleans, San Francisco, Boston, or wherever they originate.. 
Immediate freezing followed by storage below 0 F until the buyer is ready 
to thaw and prepare the food for eating is essential. 

19.4. Frozen-Food Storage. The storage-room conditions for frozen 
foods are as important as the selection and preparation of the product and 
the actual freezing process. A temperature between 0 and —10 F is 
considered most desirable, although some sugared fruits are kept best at 
—15 F. Fluctuations in storage temperatures are more serious than the 
actual temperature selected and are the chief cause of most troubles. 
If variable temperatures are to be encountered, the selection of a lower 
storage temperature is recommended to lessen the harmful effects. 
Storage spaces in which products are to be frozen as well as stored should 
be loaded with only a small quantity of unfrozen food at any one time. 
Also, the product being frozen should be prechilled as close to 32 F as 
possible and then not placed near the previously frozen products. 

A high relative humdity, 85 to 95 per cent, is desirable, although this 
condition is not vitally important if all products are in high-quality 
moistureproof packages or containers. It may be necessary to reglaze 
unwrapped fish and other ice-coated products to prevent dehydration 
after evaporation of the previous glazing. 

19.6. Locker Plants. These establishments were first built in the 
Pacific Northwest and developed into very worth-while projects in the 
1930’s, particularly in Iowa and the surrounding states. With almost 
700 plants in Iowa in 1947, there is hardly a city, town, or village of any 
size in that state that does not have at least one locker plant. Plants 
are also being installed in other parts of the country at the rate of 700 per 
year in 1947, when the total number of installations was about 8700. 
Everyone benefits from a locker plant—the equipment manufacturer, 
the refrigeration dealer, the building contractor, the plant owner and 
operator, the patrons, and the other local merchants. The locker plant 
may be a separate enterprise or a part of a grocery store, meat market, 
dairy, or other establishment. It consists of four or more distinct spaces. 

The fresh-killed meat and other food products are first placed in the 
chilling and aging room, which is designed for 35 F. Its size depends upon 
the types of products and the rate of processing; the latter is a function 
of the number of lockers. The incoming product averages about 2 lb per 
locker per day, but the chill-room space and equipment should be designed 
for a minimum of 3 lb per locker per day in order to handle the variation 
from the average load. 
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A processing room is needed, in which the products are prepared and 
packaged for freezing. Meats are cut into the desired roasts, steaks, 
chops, or other cuts, and fowl are cleaned. They are then placed in 
moistureproof packages and identified. The patrons are charged a few 
cents per pound for having their meat chilled, cut, wrapped, marked, and 
frozen. The processing room is not refrigerated. 

A separat e freezing cabinet or room is provided for freezing the packaged 
products before they are placed in a patron’s locker. As in the chill room, 
the freezer space and equipment are designed for freezing about 3 lb per 
locker per day. The design temperature should be from —10 to — 20 F. 

The locker room contains the patrons’ lockers, which range in size from 
5.5 to 7.5 cu ft of space. They are usually in rows of tiers separated by 
aisle spaces, with five or six lockers per tier. The upper two or three are 
door-type, and the lower two or three are drawer-type. A 6-cu-ft locker 
holds about 150 lb of meat and rents for $10 to $15 per year. The room 
design temperature should not be above OF. 

The size of locker plants varies from less than 100 to over 1500 lockers. 
The larger plants often have other rooms in addition to the four essential 
ones. Sometimes the chill room is separated from the aging room, and 
a curing room is added. A smoke room, smoke cabinet, lard room, fruit 
and vegetable room, and others are added in larger plants. 

In general, one compressor is used for the chill, age, and cure rooms, 
which are kept near 35 F, and another compressor is used for the locker 
and freezer rooms, which are kept at 0 F or lower. Plate evaporators or 
unit coolers are used with Freon-12 in most plants. Frost may be scraped 
off the plates, but water or other defrosting methods are needed for the 
unit coolers. Some patented systems have been installed in which the 
patron does not need to be in a 0 F room in order to have access to his 
locker. A suggested design for a medium-sized plant is shown in Fig. 
19.2. Possibilites of using the condenser heat for the office and processing 
rooms in winter might be worth considering. 

19.6. Cold Storage. Many food products may be stored at temper¬ 
atures above freezing, although the length of storage time is considerably 
less than when the product is in the frozen state. Maximum length of 
storage as well as the optimum conditions for each product are given in 
Table 10.2. Higher temperatures can be tolerated for shorter storage 
periods. A proper humidity condition is usually as important as tem¬ 
perature, and some products are more susceptible to air movement than 
others. Each product has certain peculiarities that require special pre¬ 
cautions in order to reduce spoilage. Research has provided the answers 
to many problems, and it is recommended that the available literature be 
studied before definite plans are made for storing any sizable quantity of 
a product for any length of time. Not only fresh produce but also 
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dehydrated eggs, meat, milk, and vegetables can be kept satisfactorily 
for a longer time at reduced temperatures. 

In planning a cold-storage plpnt careful study should be given to the 
size and the location. Conveniences and transportation facilities must be 
considered, as well as the internal design and type of refrigerating plant. 
Compound ammonia refrigerating machines chilling brine in two separate 




Fig. 19.2. Suggested locker-plant layout. 


systems, one for subfreezing requirements and the other for rooms kept 
above freezing, have been used in the past. 

19.7. Prepackaged Fresh Produce. Considerable interest was devel¬ 
oped in 1946 in prepackaging fresh fruits, vegetables, and even meats in 
consumer units. This project created new problems in refrigeration 
applications, on which certain experimental work has been done. 16 The 
produce is usually received at the warehouse in the evening, placed in the 
cooler, packaged the following day, and returned to the cooler, where it 
remains until loaded on the delivery truck the next morning. Consider¬ 
able spoilage can be eliminated in this way if packaging is done quickly 
and properly. It also saves time for the grocer and shopper. However, 
better refrigeration than was first used is needed. Possibly provision for 
more air circulation around the packages, in order to improve the cooling 
of those near the center, would help. 


14 Bratley, C. O., “ Refrigeration of Prepackaged Fruits and Vegetables.” Refriger¬ 
ating Engineering , Vol. 52, No. 6 (December, 1946), p. 516. 
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19.8. Food Processing. Ice cream was one of the first processed foods 
produced commercially that required refrigeration. Various claims have 
been made as to where and when the ice-cream industry started. How¬ 
ever, the first reference to the commercial distribution of ice cream appear¬ 
ing in Baltimore was in an advertisement for Mr. DeLoubert’s recreation 
and confectionary parlor in the June 15, 1797, issue of the Maryland 
Journal and Baltimore Advertiser .** Vallette and Company announced 
in the Federal Gazette of May 15, 1798, that they could “supply ice cream 
thereafter to the ladies and gentlemen of Baltimore.” River or lake ice 
and salt were used for cooling, and ice cream remained a luxury item until 
more than a century later, when mechanical refrigeration made large- 
scale production possible. 

In the modern ice-cream plant, refrigeration is used for cooling the 
room where the ingredients are stored, for cooling from. 150 F to 40 F the 
mix leaving the homogenizer, for freezing the mix and chilling it to 
between 24 and 21 F, and for the —10 to —15 F hardening room, where 
the containers are placed immediately after being filled with the mix from 
the freezer. 

Refrigeration is needed for several processes in dairies. Raw milk, 
cream, and sweet cream for butter should be kept at 40 to 50 F before 
pasteurization. Milk and cream must be chilled quickly after pasteuriza¬ 
tion. Chilling of butter, curing of cheese, and the storage of all products 
before delivery require refrigeration. Chilled water, brine, and direct- 
expansion systems are all used. 

Bakeries require many forms of refrigeration systems. The ingredient 
storage room and fermentation room must be cooled; chilled water or ice 
may be needed; the dough mixer requires cooling; chocolate and other 
special cookie rooms need controlled air conditioning; and air conditioning 
the packaging room reduces mold spores, bacteria, and dust as well as 
increases worker efficiency. 

Breweries use carefully controlled temperature conditions for each step 
in making beer or ale. The hop storage room and yeast storage room 
must be cooled, and cooling is also required during each process from the 
time the wort leaves the brew kettle until delivery, except that the bottled 
and canned products must be pasteurized as a part of the final process. 
Controlled enzyme action is utilized to promote fermentation; a yeast 
heavier than the fermenting liquid is used for beer, whereas a yeast lighter 
than ’the fermenting liquid is used for ale. In fermentation, maltose plus 
water produces alcohol plus carbon dioxide, and heat is released (280 Btu 
per pound of maltose). Some of the COs is collected and later added to 
the finished product before pasteurization. Fermentation rooms are kept 
at 45 F (55 F for ale) and aging rooms at 34 F (45 F for ale). Since 1933 

14 “The Beginning of the Ice Cream Industry in Baltimore.” Baltimore, Vol. 15, 
No. 3 (January, 1947), p. 51. 
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many centrifugal compressors have been installed in new breweries or 
have replaced the reciprocating machines in old breweries. 

Wineries require refrigeration to remove the heat of fermentation and 
to hasten the precipitation of cream of tartar (potassium bitartrate) in 
newly made wines. The fermentation room should be under 85 F. From 
150,000 to 250,000 Btu is evolved per 1000 gal. The newly made wines 
are chilled to just above the freezing temperature, which varies from 7 to 
221', depending upon the type of wine. Refrigeration coils may be placed 
in the tanks, the wine may be pumped over or through a cooler, or the 
room itself may be air-conditioned with refrigeration equipment 

Bottled carbonated-beverage plants use refrigeration to cool the prepared 
sirups and to cool the water used before it is carbonated. Since a water 
temperature close to freezing is desired, Baudelot or descending film-type 
water coolers are generally used (see Fig. 11.25). The lower the water 
temperature, the less is the pressure required to obtain the desired 
carbonation. 

19.9. Food Transportation. Means must be provided for preserving 
food products as they are carried by plane, ship, railroad, or truck from 
producer to distributor. The use of airplanes has been mainly confined 
to date to transporting fresh but highly perishable products that are 
locally out of season, such as asparagus and certain berries. In 1947 
plans were announced for air transport of fruits and vegetables from the 
farmer to the city for the new method of distributing fresh produce in pre¬ 
packaged consumer units (see §19.7). 

Refrigerated cargo ships have been used for years. In general, they 
are classified as refrigerated throughout for frozen cargo, refrigerated 
throughout for chilled or frozen cargo, or partially refrigerated for chilled 
or frozen cargo. The hulls of these vessels should be designed to be 
insulated properly and to carry the necessary refrigerating equipment. 
Most ships are designed to carry specific products over a given trade route, 
so that design conditions for the cooling load are known in advance. In 
modem ships rock or glass wool in batt form is placed against the steel¬ 
work and compressed by tongue-and-groove sheathing. 

The American Bureau of Shipping requires refrigeration equipment 
of capacity to maintain required temperatures in tropical climates with 
the machines running 18 hr per day. Lloyd’s rules require not less than 
two interchangeable complete units each of which can maintain conditions 
in the tropics when running 24 hr per day. Most old vessels have C0 2 
equipment, but most new merchant vessels built in the United States use 
Freon-12 or Freon-11. Brine is generally chilled and circulated to the 
cargo spaces for use in gravity coils or blower units, although direct- 
expansion unjts are used in certain instances. Some recent American 
vessels equipped with modem dehumidification and ventilation systems 
are regularly shipping grapefruit from Texas to Belgium, and onions, 



i§19.9 


FOOD PRESERVATION 


oranges, lemons,and apples from our west coast to the Philippines writ’li¬ 
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has been created in applying mechanical refrigeration, but more develop¬ 
mental work is still needed in order to improve and modernize this impor¬ 
tant application of refrigeration. 

The volume of food, frozen and otherwise, being shipped by refrigerated 
trucks has increased appreciably in recent years. The long-haul, trailer- 
type trucks use condensing units powered by a separate internal-combus¬ 
tion engine, by direct mechanical drive from the transmission, or by an 
electric motor obtaining power from a generator driven by a separate 
engine or driven by a power take-off from the transmission. Forced-air 
coolers and refrigerated plates have served as low-side equipment. 
Experimental work has been continued since World War II in an effort 
to improve the existing equipment and methods used. Heat-pump units 
have been tried, since heating of the space is often required for winter 
shipments. 17 

Fleets of local delivery trucks are often equipped with eutectic hold¬ 
over systems. These employ a flat tank containing an eutectic brine 
solution and evaporator coils. The evaporator coils are connected either 
to a condensing unit driven by an electric motor ‘ * plugged in ” at the garage 
or to a central plant system when in the garage. Dry-ice systems and 
water ice with brine systems are also used. Methods of installing plate 
coolers in medium-sized trucks are shown in Figs. 19.3 and 19.4. 

19.10. Commercial Refrigeration. Although the term “ commercial 
refrigeration” has been defined in different ways, as applied here it refers 
to the refrigeration used in retail stores, restaurants, hotels, and institu¬ 
tions for foods and beverages. 

Refrigerated display cases of several types as diagramed in Fig. 19.5 
are used by grocers and meat dealers in order to preserve perishable mer¬ 
chandise as well as to display it attractively. The single-duty top display 
case must be placed on a base cabinet, which can be used as dry-storage 
space. The case is cooled by an evaporator coil at the top and by a coil 
under the sloping shelf. The sloping shelf and lower coil may be replaced 
by a refrigerated plate, or they may be omitted, with provision made for 
placing cracked ice in the bottom partition, on which fish and fowl may 
be laid directly. In a double-duty case, as shown in Fig. 19.6, the base 
is integral with the top and has a coil located in the front of it. The two 
spaces may be separated by a partition, or they may form one large space 
that may be partially divided by the display shelf. In the units described 
above, double or triple glass is used in the top portion only, and it is 
impossible to see into the lower portion except by opening the back 
bottom door. A full-vision delicatessen case is taller and has a much 
larger display space and window with three or more shelves for products. 


11 Kirkpatrick, H. O., “Motor Transport Refrigeration." Refrigerating Engi¬ 
neering, Vol. 52, No. 6 (December, 1946), p. 521. 
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The use of self-semcedisplay cases like those shown in Fig. 19.8 is increas¬ 
ing. The evaporator located at the top rear. A glass guard in front. 
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Diagrammatic view of self-service 
display case. 


Fig: 19.8. Self-service display case. Courtesy Weber 
tSttowcase A Fixture Co., Ine, 

over •.*%; air from spilling out. 
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Fitehens, ReAch-jn wfrjigei^to^;^: ^^:' iGQ-eti IF cavity are also 
used. Many •Af . these Row : eiaploy small'• blower-type evaporators as 
shown in Fig. 11.20: CbesMype cabinets, used lot ice cream, are desig¬ 
nated by the numbeir of bolefc' and whether-single-row or double-rove. 
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Fig. 19.9. Walk-in wtf-servir.e refrigerator. Courtesy 
Weber Showcase & Fixture Go., Inc. 
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Fig. ; Courtesy Weber 

Shvwrii*' & Fixture •Mfg. Co., Inc. 

Frozen-food cabinet* are of flic chest type, simitar to ice cream cab¬ 
inets, or of the display t ype as shown in Fig. DUO. Bevemge coolers of 
lip chest type are either dry or wet The tatter type eontains a water 
tank bntt les are placed, and rich ieh is: surrounded by,the 

evajJOTator pfjfjl, A back bar refrigeratrjr for soda fountain - use is a eon*- 
blttariuo y^dt with several fyrj^ T/f i«frtgt9‘ati?<I spaces for spring flu* 
varkiiis produciB. F.lprist$ ? t<tfn0 : c&£t>T& are reach-in or walk-in units 
with a giSSs.front. Many types of refrigerated Wer-dispensing units have 
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been installed, some of which are connected with the keg storage room, 
and in which the line from the keg to the dispenser is also cooled. 

Temperatures maintained in commercial refrigeration units vary from 
34 to 50 F, depending upon the actual use. An exception are those used 
for frozen products, for which subzero temperatures are desired. Air¬ 
cooled compressors are generally used, so that water connections are 
eliminated, but good air circulation around the condenser is needed. 
Many of the above units, including the compressor, are factory-asSembled 
and shipped as a package ready to plug in. 

19.11. Domestic Refrigeration. Modern units for home use are of 
two types, freezer cabinets or boxes for food freezing or frozen-food storage 
only, and domestic refrigerators in which most of the space is for storage 
above 32 F with variable amounts of space at subfreezing temperatures/ 

Home and Farm Freezers. Home and farm freezers were used by a 
few people before 1930, but since 1938 the number of units in operation 
has increased rapidly. Many of the prewar units were tailor-made or 
else were converted ice-cream cabinets, but a great many companies 
started making freezers after World War II. The three general types are 
(1) the upright or reach-in, similar to Fig. 19.11; (2) the chest or top¬ 
opening type like the one in Fig. 19.12; and (3) the walk-in type. The 
first conserves floor space and has certain advantages of accessibility. 
The disadvantage of high door loss is overcome somewhat by inner 
drawers or doors, but these reduce the product storage space. Chest 
types are less expensive and probably more economical to operate. Wire 
baskets are often used to prevent misplacing and to aid in removing prod¬ 
ucts. The walk-in type like that shown in Fig. 19.13 usually is entered 
through a small cooler kept at 32 to 40 F and which provides space for 
the storage of large quantities of food. Some of the larger units in all 
types separate the freezing and storage compartments. 

Home building of units requires special care in applying the insulation 
and in sizing and installing the evaporator and condensing unit. Partic¬ 
ular care must be given to vapor-sealing the insulation space and to the 
door or lid design. 

In 1948 the units ranged from the 2.5-cu ft size selling for about $150 
to the 30 cu ft selling for $700 to $900, the most popular sizes being 
between 8 and 20 cu ft. Air-cooled compressor sizes of i, £, £, and * hp 
were used. 

Domestic Refrigerators. Great strides in the development and 
improvement of these units have been made in recent years and the 
average retail price dropped from $600 in 1920 to about $150 in 1940. 
Annual sales for four different years before the war were over 2,000,000 
units. The common sizes range from 3 to 8 cu ft, with the 6-cu ft size 
accounting for almost half the sales in 1940. In addition to lower costs, 
the trend has also been to increased storage volume, reduced energy con- 
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sumption, more cooling capacity. less noise, and more attractive appear- 
anee. Inside the units, high-humidity compartments for fresh vegetable 
and increasingly larger frozen-food compartments have bc«io included 


Upright Ireezer: Cenriesv Bead 
Pipe and Tank Ct-rp 
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One type of design is shown in Tig. 19.11. ’ .Anticipated postwar gadgets 
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The great improvement in the mechanical equipment was the develop¬ 
ment of hermetically sealed compressor and mdtor units, which eliminated 
shaft-seal trouble. Based on experience gained from these in the domes¬ 
tic field, the trend is toward sealed units for larger compressors. Recip- 
rocating-piston compressors electrically driven through a crank and 
connecting rod or through a Scotch yoke, electric-driven rotary-pump- 
type compressors, and gas-fired absorption equipment are all used with 
gravity-cooled plate or finned coiled condensers. The expansion devices 
employed are high-side floats, a fixed orifice, or capillary tubing. Control 
is by a manually adjusted pressurestat that operates the compressor. 
Capacity requirements are determined by tests and codes, and standards 
of many types have been formulated by the manufacturers’ associations 
and the technical societies involved. 18 
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APPENDIX 


TABLE A. I 
Letter Symbols* 


a — heat transfer across an air space 
A « area 
c *■ specific heat 

c p =■ specific heat at constant pressure 
c 9 — specific heat at constant volume 
C *» thermal conductance 
c.p. = coefficient of performance 
d — diameter, inches 
D = diameter, feet 
E =• energy 
Ek = kinetic energy 
E p » potential energy 
/ = film coefficient of heat transfer; 

friction coefficient 
F = force 

g = gravitational acceleration 
Or = Grashof number 
A enthalpy (per unit mass) ; coeffi¬ 
cient of heat transfer 
he = convection heat-transfer coeffi¬ 
cient 

Ar * radiation heat-transfer coefficient 
A 2 = sigma heat content 
H =* enthalpy, total; head, total 
Hr *■ relative humidity 
J = mechanical equivalent of heat _ 

j =■ heat equivalent of work 

k = thermal conductivity 
l = length, inches 
L — length, feet 
to 

m — mass, - 
0 

n = exponent of polytropic expan¬ 
sion; revolutions per unit time 
Nu =» Nusselt number 
p «■ total pressure (force per unit area ) 
P/r *= partial pressure of water vapor 


p« — saturation pressure of water 
vapor 

Pwb “ saturation pressure at wet-bulb 
temperature 
Pr « Prandtl number 
q = quantity of heat (per unit time) 
Q = quantity of heat, total 
r = radius 
R = gas constant 
/?€ =* Reynolds number 
« = entropy (per unit weight) 

S ■* entropy, total 
t *= temperature, C or F 
Up — triple-point temperature 
T = temperature, absolute 
T.H. ® total heat 

u = internal energy (per unit weight) 
U - internal energy, total; over-all 
coefficient of heat transfer 
v -= volume, specific 
V =■ volume, total; velocity 
w H - weight of water vapor per unit 
weight of air 
W — weight 

IF* = work 

x * quality of vapor; thickness 
P = thermal coefficient of cubical ex¬ 
pansion 

y = specific heat ratio, c p /c 9 

A *= difference between values 

c = emissivity coefficient 
rj =* efficiency 
oj = angular velocity 
p = density (per unit volume) 
r = time 

n = viscosity, absolute; Joule-Thorn- 
soon cefficient 
<t> — per cent saturation 


* To the extent practical, letter symbols used throughout the text follow the 
recommendations of the American Standards Association. However, the breadth of 
subject matter covered has necessitated some overlapping of definitions and, in a 
few cases where confusion has resulted, certain changes. 
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TABLE A.2—AMMONIA 
Properties of Liquid and Saturated Vapor! 


Temp. 

Pressure 

Volume 

Density 

Enthalpy from 
-40 F 

Entropy from 
-40 F 

r 

Abs. 

Gage 

Vapor 

Vapor 

Liquid 

Vapor 

Latent 

Liquid 

Btu/lb 

F 

Vapor 

Btu/lb 

F 

r 

lb/in.* 

lb/in.* 

ft*/lb 

lb/ft* 

Btu/lb 

Btu/lb 

Btu/lb 

t 

V 

Vd 

v, 

l/v B 

hf 

K 

h/g 

8/ 

8g 

-60 

5.55 

*18.6 

44.73 

0.02235 

-21.2 

589.6 

610.8 

-0.0517 

1.4769 

-55 

6.54 

*16.6 

38.38 

0.02605 

-15.9 

591.6 

607.5 

-0.0386 

1.4631 


7.67 

*14.3 

33.08 

0.03023 

-10.6 

593.7 

604.3 

-0.0256 

1.4497 

-45 

8.95 

*11.7 

28.62 

0.03494 

- 5.3 

595.6 

600.9 

-0.0127 

1.4368 

-40 


*8.7 

24.86 

0.04022 

0.0 

597.6 

597.6 

0.0000 

1.4242 

-38 

11.04 

*7.4 

23.53 

.04251 

2.1 

598.3 

596.2 

.0051 

.4193 

-36 

11.71 

*6.1 

22.27 

.04489 

4.3 

599.1 

594.8 

.0101 

.4144 

-34 

12.41 

*4.7 

21.10 

.04739 

6.4 

599.9 

593.5 

.0151 

.4096 

-32 

13.14 

*3.2 

20.00 

.04999 

8.5 

600.6 

592.1 

.0201 

.4048 

-30 


*1.6 

18.97 

0.05271 

10.7 

601.4 

590.7 

0.0250 

1.4001 

-28 

14.71 


18.00 

.05555 

12.8 

602.1 

589.3 

.0300 

.3955 

-26 

15.55 


17.09 

.05850 

14.9 

602.8 

587.9 

.0350 

.3909 

-24 

16.42 

1.7 

16.24 

.06158 

17.1 

603.6 

586.5 

.0399 

.3863 

-22 

17.34 

2.6 

15.43 

.06479 

19.2 

604.3 

585.1 

.0448 

.3818 

-20 


3.6 

14.68 

0.06813 

21.4 

605.0 

583.6 

0.0497 

1.3774 

-18 


4.6 

13.97 

.07161 

23.5 

605.7 

582.2 

.0545 

.3729 

-16 


5.6 

13.29 

.07522 

25.6 

606.4 

580.8 

.0594 

.3686 

-14 

21.43 

6.7 

12.66 

.07898 

27.8 

607.1 

579.3 

.0642 

.3643 

-12 

22.56 

7.9 

12.06 

.08289 

30.0 

607.8 

577.8 

.0690 

.3600 

-10 

23.74 


11.50 

0.08695 

32.1 

608.5 

576.4 

0.0738 

1.3558 

- 8 

24.97 


10.97 

.09117 

34.3 

609.2 

574.9 

.0786 

.3516 

- 6 


11.6 

10.47 

.09555 

36.4 

609.8 

573.4 

.0833 

.3474 

- 4 

27.59 

12.9 

9.991 

..1001 

38.6 

610.5 

571.9 

.0880 

.3433 

- 2 

28.98 

14.3 

9.541 

.1048 

40.7 

611.1 

570.4 

.0928 

.3393 

0 


15.7 

9.116 

0.1097 

42.9 

611.8 

568.9 

0.0975 

1.3352 

2 

31.92 

17.2 

8.714 

.1148 

45.1 

612.4 

567.3 

.1022 

.3312 

4 

33.47 

18.8 

8.333 

.1200 

47.2 

613.0 

565.8 

.1069 

.3273 

6 


20.4 

7.971 

.1254 

49.4 

613.6 

564.2 

.1115 

.3234 

8 

36.77 

22.1 

7.629 

.1311 

51.6 

614.3 

562.7 

.1162 

.3195 

10 

38.51 

23.8 

7.304 

0.1369 

53.8 

614.9 

561.1 

0.1208 

1.3157 

12 


25.6 

6.996 

.1429 

56.0 

615.5 

559.5 

.1254 

.3118 

14 

42.18 

27.5 

6.703 

.1492 

58.2 

616.1 

557.9 

.1300 

.3081 

16 

44.12 

29.4 

6.425 

.1556 

60.3 

616.6 

556.3 

.1346 

.3043 

18 

46.13 

31.4 

6.161 

.1623 

62.5 

617.2 

554.7 

.1392 

.3006 

20 

48.21 

33.5 

5.910 

0.1692 

64.7 

617.8 

553.1 

0.1437 

1.2969 

22 


35.7 

5.671 

.1763 

66.9 

618.3 

551.4 

.1483 

.2933 

24 

52.59 

37.9 

5.443 

.1837 

69.1 

618.9 

549.8 

.1528 

.2897 

26 


40.2 

5.227 

. 1913 

71.3 

619.4 

548.1 

.1573 

.2861 

28 

57.28 

42.6 

5.021 

.1992 

73.5 

619.9 

546.4 

.1618 

.2825 

30 

59.74 

45.0 

4.825 

0.2073 

75.7 

620.5 

544.8 

0.1663 

1.2790 

32 

62.29 

47.6 

4.637 

.2156 

77.9 

621.0 

543.1 

.1708 

.2755 

34 

64.91 

50.2 

4.459 

.2243 

80.1 

6215 

541.4 

. 1753 

.2721 

36 

67.63 

52.9 

4.289 

.2332 

82.3 

622.0 

539.7 

. 1797 

.2686 

38 


55.7 

4.126 

.2423 

84.6 

622.5 

537.9 

.1841 

.2652 


* Inches of mercury below one atmosphere. 

t Abstracted, by permission, from **Tables of Thermodynamic Properties of 
Ammonia,” U. 8. Department of Commerce, Bureau of Standards Circular No. 142, 
1945. 
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APPENDIX 


TABLE A.2—AMMONIA 

Properties of Liquid and Saturated Vapor (Cont.) 


Temp. 

Pressure 

Volume 

Density 

Enthalpy from 
-40 F 

Entropy from 
-40 F 

F 

Abs. 

Gage 

Vapor 

Vapor 

Liquid 

Vapor 

Latent 

Liquid 

Btu/lb 

F 

Vapor 
Btu/ lb 

F 

r 

lb/in* 

lb/in* 

ft’/lb 

lb/ft* 

Btu/lb 

Btu/lb 

Btu/lb 

t 

V 

Vd 


l/®» 

hf 

K 

hf. 

«/ 

8g 

40 

73.32 

58.6 

3.971 

0.2518 

86.8 

623.0 

536.2 

0.1885 

1.2618 

42 

76.31 

61.6 

3.823 

.2616 

89.0 

623.4 

534.4 

.1930 

.2585 

44 

79.38 

64.7 

3.682 

.2716 

91.2 

623.9 

532.7 

.1974 

.2552 

46 

82.55 

67.9 

3.547 

.2819 

93.5 

624.4 

530.9 

.2018 

.2519 

48 

85.82 

71.1 

3.418 

.2926 

95.7 

624.8 

529.1 

.2062 

.2486 

60 

89.19 

74.5 

3.294 

0.3036 

97.9 

625.2 

527.3 

0.2105 

1.2453 

52 

92.66 

78.0 

3.176 

.3149 

100.2 

625.7 

525.5 

.2149 

.2421 

54 

96.23 

81.5 

3.063 

.3265 

102.4 

626.1 

523.7 

.2192 

.2389 

56 

99.91 

85.2 

2.954 

.3385 

104.7 

626.5 

521.8 

.2236 

.2357 

58 

103.7 

89.0 

2.851 

.3508 

106.9 

626.9 

520.0 

.2279 

.2325 

60 

107.6 

92.9 

2.751 

0.3635 

109.2 

627.3 

518.1 

0.2322 

1.2294 

62 

111.6 

96.9 

2.656 

.3765 

111.5 

627.7 

516.2 

.2365 

.2262 

64 

115.7 

101.0 

2.565 

.3899 

113.7 

628.0 

514.3 

.2408 

.2231 

66 

120.0 

105.3 

2.477 

.4037 

116.0 

628.4 

512.4 

.2451 

.2201 

68 

124.3 

109.6 

2.393 

.4179 

118.3 

628.8 

510.5 

.2494 

.2170 

70 

128.8 

114.1 

2.312 

0.4325 

120.5 

629.1 

508.6 

0.2537 

1.2140 

72 

133.4 

118.7 

2.235 

.4474 

122.8 

629.4 

506.6 

.2579 

.2110 

74 

138.1 

123.4 

2.161 

.4628 

125.1 

629.8 

504.7 

.2622 

.2080 

76 

143.0 

128.3 

2.089 

.4786 

127.4 

630.1 

502.7 

.2664 

.2050 

78 

147.9 

133.2 

2.021 

.4949 

129.7 

630.4 

500.7 

.2706 

.2020 

80 

153.0 

138.3 

1.955 

0.5115 

132.0 

630.7 

498.7 

0.2749 

1.1991 

82 

158.3 

143.6 

1.892 

.5287 

134.3 

631.0 

496.7 

.2791 

.1962 

84 

163.7 

149.0 

1.831 

.5462 

136.6 

631.3 

494.7 

.2833 

.1933 

86 

169.2 

154.5 

1.772 

.5643 

138.9 

631.5 

492.6 

.2875 

.1904 

88 

174.8 

160.1 

1.716 

.5828 

141.2 

631.8 

490.6 

.2917 

.1875 

90 

180.6 

165.9 

1.661 

0.6019 

143.5 

632.0 

488.5 

0.2958 

1.1846 

92 

186.6 

171.9 

1.609 

.6214 

145.8 

632.2 

486.4 

.3000 

.1818 

94 

192.7 

178.0 

1.559 

.6415 

148.2 

632.5 

484.3 

.3041 

.1789 

96 

198.9 

184.2 

1.510 

.6620 

150.5 

632.6 

482.1 

.3083 

.1761 

98 

205.3 

190.6 

1.464 

.6832 

152.9 

632.9 

480.0 

.3125 

.1733 

100 

211.9 

197.2 

1.419 

0.7048 

155.2 

633.0 

477.8 

0.3166 

1.1705 

102 

218.6 

203.9 

1.375 

.7270 

157.6 

633.2 

475.6 

.3207 

.1677 

104 

225.4 

210.7 

1.334 

.7498 

159.9 

633.4 

473.5 

.3248 

.1649 

106 

232.5 

217.8 

1.293 

.7732 

162.3 

633.5 

471.2 

.3289 

.1621 

108 

239.7 

225.0 

1.254 

.7972 

164.6 

633.6 

469.0 

.3330 

.1593 

110 

247.0 

232.3 

1.217 

0.8219 

167.0 

633.7 

466.7 

0.337? 

1.1566 

112 

254.5 

239.8 

1.180 

.8471 

169.4 

633.8 

464.4 

.3413 

.1538 

114 

262.2 

247.5 

1.145 

.8730 

171.8 

633.9 

462.1 

.3453 

* .1510 

116 

270.1 

255.4 

1.112 

.8996 

174.2 

634.0 

459.8 

.3495 

.1483 

118 

278.2 

• 

263.5 

1.079 

.9269 

176.6 

634.0 

,457.4 

.3535 

.1455 

120 

286.4 

271.7 

1.047 

0.9549 

179.0 

634.0 

455.0 

0.3576 

1.1427 

122 

294.8 

280.1 

1.017 

.9837 

181.4 

634.0 

452.6 

.3618 

.1400 

124 

303.4 

288.7 

0.987 

1.0132 

183.9 

634.0 

450.1 

.3659 

.1372 
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APPENDIX 


TABLE A.4—METHYL CHLORIDE 
Properties of Liquid and Saturated Vapor! 


Temp. 

Pressure 

Volume 

Density 

Enthalpy 
from —40 F 

Entropy 
from —40 F 


Abs. 

Gage 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Latentl Vapor 1 

Liquid 

Vapor 

r 

lb/in. * 

lb/in. * 

ft*/lb 

ft*/Ib 

lb/ft* 

lb/ft* 

Btu/lb 

Btu/lb 

Btu/lb 

Btu/lb F 

Btu/lb ¥ 

t 

V 

Pd 

Vf 

v t 

1/vr 

l/v 9 

hf 

h/. 

A# 

•/ 

* 

-00 

1.953 

25.94* 

in 

■ 

66.98 

0.02434 

-13.888 

198.64 

184.75 

-0.0351 

0.4882 

-70 

2.751 

24.32* 

.01508 

29.84 

66.31 

tikklAI 

-10.521 

196.77 

186.25 

-0.0261 

.4790 

-60 

3.799 

22.19* 

.01623 

22.09 

65.66 

.04527; 

- 7.039 

194.78 

187.74 

-0.0172 

.4703 

-50 

5.155 

19.43* 

.01538 

16.64 

J 

ESffi 

- 3.532 

192.72 

189.19 

-0.0085 

.4620 

-40 

6.878 

15.92* 

0.01553 

12.72 

64.39 

0.07861 

0.000 

190.66 

190.66 

0.0000 

0.4544 

-38 

7.272 

15.12* 

.01556 

12.08 

64.27 

.08278 

0.713 

190.23 

190.95 

.0017 

.4529 

-36 

7.684 

14.28* 

.01559 


64.14 


1.426 

189.81 

191.23 

.0034 

.4515 

-34 

8.115 

13.40* 

.01562 


64.02 


2.138 

189.38 

191.51 

.0051 

.4500 

-32 

8.566 

12.48* 

.01565 

10.38 

63.90 

1 

2.850 

188.95 

191.80 

.0067 

.4486 

— 30 

9.036 

11.52* 

0.01568 

9.873 

63.78 


3.562 

188.52 

192.08 

0.0084 

0.4472 

-28 

9.526 

10.53* 

.01571 

9.399 

63.65 

.1064 

4.277 

188.09 

192.37 

.0100 

.4458 

-26 

iraPTI 

9.490* 

.01574 

8 953 

63.53 

.1117 

4.993 

187.65 

192.65 

.0117 

.4445 

-24 

iW71 

8.399* 

.01577 

8.533 

63.41 

.1172 

5.711 

187.22 

192.93 

.0133 

.4431 

-22 

11.13 

7.267* 

.01580 

8.136 

63.2d 

.1229 

6.427 

186.78 

193.21 

.0150 

.4418 

-30 

11.71 

K 



63.17 

0.1289 

7.146 

186.34 

193.49 

0.0166 

0.4405 

-18 

12.31 

4.866* 

.01586 

MrrfP 

63.86 


7.863 

185.90 

193.76 

.0183 

.4393 

-16 

12.93 

3.594* 

.01589 

7.074 

62.93 

.1414 

8.584 

185.46 

194.04 

.0199 

.4380 

-14 

13.58 

2.268* 


6.758 

62.81 

.1480 

9.307 

185.01 

194.32 

.0215 

.4367 

-12 

14.26 

1*225 

.01595 

6.459 

62.70 

.1548 

10.03 

184.56 

194.59 

.0232 

.4355 

-10 

14.96 

0.266 

0.01598 

6.176 

62.58 

0.1619 

10.75 

184.11 

194.87 

0.0247 

0.4343 

- 8 

15.69 

0.996 

.01601 


62.46 

.1693 

11.48 

183.66 

195.14 

.0263 

.4331 

- 6 

16.45 

1.754 


5.654 

62.34 

.1769 

12.20 

183.21 

195.42 

.0279 

.4319 

- 4 

17.24 

2.540 

.01607 

5.413 

62.23 

.1847 

12.93 

182.76 

195.69 

.0295 

.4307 

- 2 


3.356 

.01610 

5.185 

62.11 

.1929 

13.66 

182.30 

195.96 

.0311 

.4296 

0 

18.90 



4.969 

62.00 


14.39 

181.85 

196.23 

0.0327 

0.4284 

2 

19.77 


.01616 

4.763 

61.88 


15.12 

181.39 

196.51 


.4273 

4 


5.985 

.01619 

4.568 

61.77 

.2189 

15.85 

180.93 

196.78 

.0359 

.4262 

5 

21.15 

6.455 

.01622 

4.471 



16.21 

180.70 

196.92 


.4257 

6 

21.62 

6.924 

.01625 

4.379 

61.54 

.2284 

16.58 

180.47 

197.05 

.0375 

.4251 

8 

22.59 

7.896 

.01628 


61.43 

.2378 

17.31 

180.01 

197.31 


.4240 

10 





61.31 


18.04 

179.53 

197.58 


0.4229 

12 

24.64 

9.943 

.01634 

3.878 


.2579 

18.77 

179.06 

197.83 

.0422 

.4218 

14 

25.72 

11.02 

.01637 

3.726 

61.09 

.2684 

19.51 

178.58 

198.09 

.0437 

4208 

16 

26.83 

12.13 


3.581 


.2792 

20.25 

178.10 

198.34 

.0453 

.4198 

18 

27.97 

13.28 

.01644 

3.443 


.2904 

20.98 

177.61 

198.59 

.0468 

4187 

30 

29.16 

14.46 

0.01647 

3.312 

60.72 


21.73 

177.11 

198.84 

0.0484 

0 4177 

22 

ETilETH 

15.69 


mmm 


.3138 

22.47 

176.61 

199.08 

0499 

.4166 

24 

31.64 

16.95 

.01654 

3.067 

60.46 

.3261 

23.21 

176.11 

199.32 

.0514 

.4156 

26 

32.95 

18.25 

.01658 

2.952 


.3388 

23.95 

175.61 

199.56 


.4146 

28 

34.29 


.01662 

2.843 


.3517 

24.70 

175.10 

199.79 

.0545 

.4136 

SO 

35.68 



2.739 

60.06 

0.3650 

25.44 

174.59 

200.03 

0.0560 

0.4126 

32 

37.11 

22.41 


2.640 

59.92 

.3787 

26.18 

174.08 

200.26 

.0575 

.4117 

34 

38.58 


.01673 

2.546 

59.77 

.3928 

26.93 

173.56 

200.49 

.0590 

.4107 

36 

niwrm 

25.39 

.01677 

2.455 

59.63 

.4073 

27.67 

173.05 

200.72 

.0605 

.4098 

38 

41.65 

26.95 

.01681 

2.369 

59.49 

.4222 

28.42 

172.53 

200.95 

.0621 

.4088 

40 

43 25 

28.56 


2.286 

59.38 

0.4375 

29.17 

172.00 

201.17 

0.0636 

0.4079 

42 

44.91 


nii&Ll 

2.206 

59.24 

.4532 

29.92 

171.48 

201.40 

.0651 

.4070 

44 

46.61 

31.91 

.01692 


59.10 


30.67 

170.95 

201.62 

.0665 

.4061 

46 

48.35 

33.66 

.01696 

2.057 

58.96 

.4861 

31.42 

170.42 

201.84 

.0680 

.4052 

48 

50.15 

35.45 

.01700 

1.987 

58.82 

.5033 

32.17 

169.89 

202.06 

.0695 

.4043 


* Inches of mercury below one atmosphere. 

t Courtesy E. I. DuPont de Nemours A Co. f Inc., The Electrochemicals Department. 







































































APPENDIX 457 


TABLE A.4—METHYL C HLORmE 

Propertius op Liquid and- Saturated Vapor ((VwT i. 
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TABLE A.5— METHYL CHLORIDE 
Properties of Superheated Vapor (Cont.) 

Abe. Pressure, 100 lbe/in. ? Abe. Preeeure, 120 lbs/in.* Abe. Pressure, 140 lbs/in.* Abe. Pressure. 180 1 be/in.* 

Gage Pressure, 85.3 lbs/in.’ Gage Pressure, 105.3 lbs/in.* Gage Pressure, 125.3 lbs/in.* Gage Pressure, 145.3 lbs/in.* 

(Sat. Temp., 89.6 F.) (Sat. Temp., 101.9 F.) (Sat. Temp., 112.9 F.) (Sat. Temp., 122.8 F.) 
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TABLE A.6—DICHLORODIFLUOROMETHANE (FREON-12) 

Properties of Liquid and Saturated Vapor t 


Temp. 

Pressure 

Volume 

Density 

Enthalpy 
from —40 

F 

Entropy 
from — 40 F 


Abs. 

£>age 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Latent 

Vapor 

Liquid 

Vapor 

F 

lb/in* 

lb/in* 

ft*/lb 

ft*/lb 

lb/ft* 

lb/ft* 
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Btu/lb 

Btu/lb 

Btu/lb F 

Btu/lb F 
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Pd 

Vf 
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hr 
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101.52 
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80.48 
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.1919 
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27.94* 

.00989 

31.84 

101.08 
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-14.78 

K3X m 
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- .0385 

.1903 

-105 
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27.51* 


26.51 

100.64 

.03773 

-13.71 

79.52 

65.81 

- .0355 

.1888 

-100 
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100.20 

0.04504 

-12.64 

79.04 

66.40 

-0.0325 

0.1873 

- 95 

1.719 

26.42* 


18.71 

99.75 

.05344 

-11.58 

78.57 

66.99 

- .0295 

.1860 


2.054 

25.74* 


15.86 

99.30 

.06305 

Sued 

78.10 

67.59 

- .0266 

.1847 

- 85 

2.441 

24.95* 


13.51 

98.85 

.07400 

- 9.46 

77.64 

68.18 

- .0238 

.1835 


2.885 

24.05* 


11.57 

98.39 

.08640 


77.17 

68.77 

- .0210 

.1823 

- 70 

3 393 

23 01* 


9.958 

97.92 

0.1004 

- 7.35 

76.71 

69.30 

-0.0182 

0.1813 

- 70 

3.971 

21.84* 


■*5E 

97.46 

.1162 


76.25 

69.95 

- .0155 

.1802 

- 65 

4 626 

ESSE 


7.474 

96.99 

.1338 

- 5 25 

75.79 


- .0128 

.1793 

- 60 

5.365 

I0EE 


6.516 

96.51 

.1535 

- 4.20 

75.33 

71.13 

- .0102 

.1783 

- 55 

6.195 

17.31* 


■ 

96.04 

.1753 

- 3.15 

74.87 

71.72 

- .0070 

.1774 

- 00 

7.125 

15.42* 

0.01047 

5.012 

95.55 

0.1996 

- 2.11 

74.42 

72.31 

-0.0050 

0.1707 

.- 45 

8.163 

13.31* 

■yyEEEj 

4.420 

95.07 

.2263 

- 1.06 

73.97 

72.91 

- .0025 

.1759 

- 40 

9.32 



3.911 

94.58 

0.2557 




0.0 

0.17517 

- 38 

9.82 

9.91* 

hHiiiiM 

3.727 

94.39 

.2683 

ISjjYm 

73.34 

73.74 

0.00094 

.17490 

- 36 

10.34 

8.87* 

HiiiiM 

3.553 

94.20 

.2815 

Igirri 

73.17 

73.98 

.00188 
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- 34 

10.87 


.0106 

3 389 

93.99 

.2951 

1.21 

EEEfl 

74.22 

.00282 

.17438 

- 32 

11.43 

6.66* 

.0107 

3.234 

93.79 

.3092 

1.62 

72.84 

74.46 

.00370 

.17412 

- 80 

12.02 

5.45* 

0 0107 

3 088 

93.59 

0 3238 

2.03 

72.67 

74.70 

0.00471 

0.17387 

- 28 

12.62 

4.23* 

.0107 

2.95C 

93.39 

.3390 

2.44 

■eke 

74.94 

.00565 

.17364 

- 26 

13.26 

2.93* 

.0107 

2.82C 

93.18 

.3546 

2.85 

72.33 

75.18 

.00659 

.17340 

- 24 

13.90 

1.63* 

.0108 

2.698 

92.98 

3706 

3.25 

72.16 

75.41 


.17317 

- 22 

14.68 


.0108 

2.583 

92.78 

.3871 

3.66 

71.98 

75.04 


.17296 

- SO 

15.28 

0.58 

0.0108 

2.474 

92 58 

0.4042 

4.07 


75.87 

" r .ffl 

0.17275 

- 18 

16.01 

1.31 

.0108 

2.370 

92.38 

.4219 

4.48 

71.63 

70.11 

.01033 

.17253 

- 16 

16.77 

2.07 

.0108 

2.271 

92.18 

.4403 

4.89 

71.45 

76.34 

.01126 

.17232 

- 14 

17.56 

2.85 

.0109 

2.177 

91.97 

.4593 

KEID 

71.27 

70 57 

.01218 

.17212 

- 12 

18.37 

3.67 

.0109 


91.77 

.4789 

5.72 


70.81 

.01310 

.17194 

- 10 

19.20 

4.50 

0.0109 


91.57 

0.4993 

6.14 



0.01403 

0.17175 

- 8 

20.08 

5.38 

.0109 

1.922 

91.35 

.5203 

6.57 

Ki |i|rfr 

77.29 

.01496 

.17158 

- 6 

20.98 

6.28 

.0110 

1.845 

91.14 

.5420 

6.99 

K i||,y 

77.52 


.17140 

- 4 

21.91 

7.21 

.0110 

1.772 

90.93 

.5644 

7.41 

mfj ‘iffcr 

77.75 

.01682 

.17123 

- 2 

22.87 

8.17 

.0110 


90.72 

.5872 

7.83 

WLjSL 

77.98 

.01775 

.17107 

0 

23.87 

9.17 

0.0110 

1.637 

90.52 

0.6109 

8.25 

69.96 

78.21 

0.01869 

0.17091 

2 

24.89 

10,19 

.0110 

1.574 

90.31 

.6352 

8.67 

09.77 

78.44 

.01961 

.17075 

4 

25 96 

11.26 

.0111 

1.514 

90.11 

.6606 

9.10 

69.57 

78.07 

■n 

.17060 

5t 

S6.01 

mm 

.0111 

1.485 

90.00 

.6730 

9.32 

09.47 

78.79 

.02097 

.17062 

6 

VrlLlm 

12.35 

.0111 

1.457 

89.88 

.6864 

9.53 

69.37 

KEEZE 

.02143 

.17045 

8 

28.18 

13.48 

.0111 

■Bii 

89.08 

.7129 

9.96 

69.17 

79.13 

.02235 

.17030 

10 

29.35 

14.65 

0.0112 

1.351 

89.45 

0.7402 


68.97 

79.36 


0.17015 

12 


15.86 

.0112 

■Kim 

89.24 

.7687 


68.77 

79.59 

.02419 

.17001 

14 

t 

lUrJtUJ 

.0112 

1.253 

89.03 

.7981 

11.26 

68.56 

79.82 


.10987 

16 

* WM 

18.38 

.0112 


88 81 

.8288 

■IKE 

68.35 

80.05 

.02601 

.10974 

18 


19.70 

.0113 

1.163 

88.58 

.8598 

12.12 

08.15 


.02692 

.16961 

SO 

35.75 

21.05 

0.0113 

1.121 

88 37 

0.8921 

12.55 

67.94 


■ 

0.16949 

22 

37.15 


.0113 


88.13 

.9251 

■EKE 

67.72 

80.72 

| .02873 

.16938 

24 

38.58 


.0113 


87.91 

.9588 

13.44 

67.51 

EQEE 

.02963 

.16926 

26 

urnim 

25.37 

.0114 


87.68 

.9930 

13.88 

07.29 

81.17 

!■» 

.16913 

28 

41.59 

26.89 

.0114 

mm 

87.47 

1.028 

14.32 


81.39 

| .03143 

.16900 


* Inches of mercury below one atmosphere, 
t Standard ton temperature. 

; Courtesy Kinetic Chemioels, Ino. 
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TABLE A.6—DICHLORODIFLUOROMETHANE (FREON-12) 
Properties op Liquid and Saturated Vapor (Cont.) 


Temp. 

Pressure 

Volume 

Density 

Enthalpy 
from — 40 F 

Entropy 
from —40 F 


Abe. 

Gage 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Latent 

Vapor 

Liquid 

Vapor 

r 

lb/in* 

lb/in* 

ft«/lb 

ft*/lb 

lb/ft* 

Ib/ft* 

Btu/lb 

Btu/lb 

Btu/lb 

Btu/lb F 

Btu/lb F 

t 

P 

Pd 

Vf 

•9 

1/Vf 

t/v g 

h, 

h/c 

hg 

•/ 

*g 

SO 

43.16 

28.46 

SMS 

0.939 

87.24 

1.065 


66.85 

81.61 

0.03233 

MRS] 

32 

44.77 

wsxm 

.0115 

.908 

87.02 

1.102 


66.62 

81.83 


.16876 

34 

46 42 

31.72 

.0115 

.877 

86.78 

1.140 

15.65 

66.40 

82.05 

.03413 

.16865 

36 

48.13 

33.43 

.0116 

.848 

86.65 

1.180 

16.10 

66.17 

82.27 


.16854 

38 

49.88 

35.18 

.0116 

.819 

86.33 

1.221 

16.55 

65.94 

82.49 

.03591 

.16843 

40 

51.68 

36.98 

0.0116 

0.792 

86.10 

1.263 

17.00 


82.71 

0.03680 

0.16833 

42 

53.51 

38.81 

.0116 

.767 

85.88 

1.304 

17.46 

ism 

82.93 

n 

.16823 

44 


E2XZE 

.0117 

.742 

85.66 

1.349 

17.91 

tlfa 

83.15 


.16813 

46 

57.35 

42.65 

.0117 

.718 

85.43 

1.393 

18 36 

65.00 

83.36 

r * : ■ 

.16803 

48 

59.35 

44.65 

.0117 

.695 

85.19 

1.438 

18.82 

64.74 

83.57 


.16794 

80 

61.39 

46.69 

0.0118 

0.673 

84.94 

1.485 

19.27 

64.51 

83.78 

0.04126 

0.16785 

52 

63.49 

48.79 

.0118 

.652 

84.71 

1.534 

19.72 

64.27 

83.99 

.04215 

.16776 

54 

65.63 

50.93 

.0118 

.632 

84.50 

1.583 

20.18 

64.02 

84.20 


.16767 

56 

67.84 

53.14 

.0119 

.612 

84.28 

1.633 

20.64 

63.77 

84.41 


.16758 

58 


55.40 

.0119 

.593 

84.04 

1.686 

21.11 

63.51 

84.62 


.16749 

•0 

72.41 

57.71 

0.0119 

0.575 

83.78 

1.740 

21.57 

63.25 

84.82 

0.04568 

0.16741 

62 

74.77 


.0120 

.557 

83.57 

1.795 

22.03 

62.99 

85.02 


.16733 

64 

77.20 


.0120 

.540 

83.34 

1.851 

22 49 

62.73 

85.22 


.16725 

66 

79.67 

64 97 

.0120 

.524 

83.10 

1.909 

22.95 

62 47 

85.42 

BTiiT-skm 

.16717 

68 

82.24 

67.54 

.0121 


82.86 

1.968 

23.42 

62.20 

85.62 



70 

84.82 

70.12 

0.0121 

0.493 

82.60 

2.028 

23 90 

61.92 

85.82 

0 05009 

0.16701 

72 

87.50 


.0121 

.479 

82.37 

2.090 

24.37 

61.65 

86.02 

nia 


74 

mrjmnn 

m jE 

.0122 

.464 

82.12 

2.153 

24.84 

61.38 

86* 22 

KdtS 


76 

IftWiiii 


.0122 

.451 

81.87 

2.218 

25 32 

61 10 

86.42 

.05272 


78 

95.85 

81.15 

.0123 

.438 

81.62 

2.284 

25 80 

60.81 

86.61 



80 

98.76 


0.0123 

0.425 

81.39 

2.353 

26.28 

60.52 

86.80 

0.05446 

0 16662 

82 

mm 

■♦fit MI 

.0123 

.413 

81.12 

2.423 

26 76 

60.23 

86.99 

KM21 

.16655 

84 

104.8 

Em 

.0124 

.401 

80.87 

2.496 

27.24 

59.94 


KlTmI 

.16648 

86f 

107.9 

93. t 

.0134 

t m 

60.63 

1.569 

17.79 

59.65 


.06708 

.16840 

88 

111.1 

96.4 

.0124 

.378 

80.37 

2.645 

28.21 

59 35 

87.56 


16632 

90 

114 3 

99.6 

X 1 

0.368 

80.11 

2.721 

28.70 

59.04 

87.74 

0.05882 

0 16624 

92 

117.7 


mam 

.357 

79.86 

2.799 

29.19 

58.73 

87.92 


.16616 

94 

121.0 

106.3 

KT^fl 

.347 

79.60 

2.880 

29.68 

58.42 

88.10 


MESS 

96 

124.5 

UhJLM 

.0126 

.338 

79.32 

2.963 

30.18 

58.10 

88.28 



98 


113.3 

.0126 

.328 

79.06 

3.048 

30.67 

57.78 

88.45 


.16592 

mm 

131.6 

116 9 

0 0127 

0.319 

78.80 

3.135 

31.16 

57.46 

88.62 

0 06316 

0 16584 

102 

135 3 

mwm 

.0127 

.310 

78.54 

3.224 

31.65 

57.14 

88.79 


.16576 

104 

139 0 

124.3 

.0128 

.302 

78.27 

3.316 

32 15 

56.80 

88.95 

lift! Mil 

.16568 

106 

142.8 

128.1 

.0128 

.293 

78.00 

3.411 

32 65 

56 46 

89.11 

06577 

16560 

108 

146.8 

132.1 

.0129 

.285 

77.73 

3.509 

33.15 

56.12 

89.27 


16551 

110 

150.7 


0.0129 

0.277 

77.46 

3.610 

33 65 

55.78 

89.43 

0.06749 

0.16542 

112 

154.8 

140.1 

.0130 

.269 

Ell 

3.714 

34 15 

55 43 

89.58 


.16533 

114 

158.9 

144.2 

.0130 

.262 

Fwl 

3.823 

34.65 

55 08 

89 73 


.16524 

116 

163 1 

148.4 

.0131 

.254 

IJIU 

3.934 

35.15 

54 72 

89 87 


.16515 

118 


152.7 

.0131 

.247 

76.32 

4.049 

35 65 

54.36 

90.01 



190 

171.8 

157.1 

0.0132 

0.240 

76.02 

4.167 

36.16 

53.99 

90.15 

0.07180 

0.16495 

122 

176.2 

161.5 

.0132 

.233 

e xa 

4.288 

36 66 

53 62 

90.28 



124 

180.8 

166.1 

.0133 

.227 

13 

4.413 

37 16 

53.24 

90.40 



126 

185.4 

EFZSfl 

0133 

.220 

E3 51 

4.541 

37 67 

52.85 

90.52 



128 

190.1 

175.4 

.0134 

.214 

74.78 

4.673 

38.18 

52.46 

90.64 

GEE 


1J0 

194 9 


0.0134 

0.208 

74.46 

4.808 

38.69 

52 07 

90.76 

0.07607 

0.16438 

132 

199.8 

185.1 

.0135 

.202 

74.13 

4.948 

39.19 

51.67 

90 86 


.16425 

134 

204.8 

I1MJU 

.0135 

.196 

73.81 

5.094 

39.70 

51.26 

90 96 


.16411 

136 


195.2 

.0136 

.191 

73.46 

5.247 

40.21 

50.85 

91 06 


16396 

138 

215.0 


.0137 

.185 

73.10 

5.405 

40.72 

50 43 

91.15 


16380 

140 


205.5 

0.0138 

0.180 

72.73 

5.571 

41.24 

50.00 

91.24 

|o. 08024 

0.16363 


f Standard ton tompermtun. 
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N 

I 

z 

w 

a 

w * K 

z o 
< 5 
X > 
H _ 
H 

s 

o 

Pi 

o 

D 


w 

DC 

DC 

W 

S> 

CE 


n fc 

o° 

ei w 

o B 
d £ 

X u 

SI 

9£ 


w 

x 

◄ 

H 


Abs. Pressure 0.60 lbs/in.* 

Gaae Pressure 28.70 in. vac. 

(Sat. Temp. -121.7 F.) 

* 

a 

05 

6 

0 1948 
1983 

0 2017 
.2050 
2083 
.2116 
.2148 

OO-HH 

HNNNCO 
CM CM CM CM CM 

o 

0.2331 

.2360 

.2389 

.2417 

.2445 

0.2473 

.2501 

.2528 

.2555 

.2582 

0.2609 

,2635 

.2661 

.2687 

.2713 

0.2738 

.2784 

.2789 

.2814 


63.85 

64.04 

65.24 

66.45 

67.67 

68.91 

70.16 

71.42 

72.69 

73.98 

75 28 

76 60 
77.93 

79.27 

80.62 

81.99 

83.37 

84.77 

86.17 

87 59 
89.03 
90.48 
91.94 

93.41 

94.90 
96.40 

97.91 
99.44 

100.98 

102.64 

104.10 

106.68 

b 

^5 

00 

05 

't 

60.11 

5169 

53.08 

54 56 

56 05 

57 53 
59.01 

60.50 

61.98 

63 46 
64.95 

66 43 

67 91 

69 39 
70.88 
72.36 
73.84 

75.33 

76.81 

78.29 

79.77 

81.25 

82 73 
84.22 
85.70 
87.18 
88.66 

90.14 

91.62 

93.10 

94 50 

Abs. Pressure 0.40 lbs/in.* 

Gaffe Pressure 29.11 in. vac. 

(Sat. Temp. —130.7 F.) 

m 

0 1978 

0.1980 

.2015 

.2050 

0.2084 

.2117 

.2150 

.2183 

.2215 

©t^XXX 
-*t-©X© 
CM CM CO 00 CO 

© 

0.2397 

.2427 

.2455 

.2484 

.2512 

0.2540 

.2568 

.2595 

.2622 

.2649 

0.2675 

.2702 

.2728 

.2754 

.2779 

0.2805 

.2830 

.2855 


§ 

s 

62.88 

64.06 

65.25 

66.46 

67 68 

68 92 
70.17 
71.43 

© ©© ^00 
t^.©CM©© 

cmoo©©^. 

SNNNN 

79.28 

80.63 

82.00 

83.38 

84.77 

86.18 

87.60 

89.04 

90.48 

91.94 

93.42 

94.91 
96.41 

97.92 
99.45 

100.99 

102 54 
104.11 

Ck 

00 

s 

73 00 

75 22 

77 45 

79 67 

81 90 

84 12 

86 34 

88 57 

90 79 
93.01 

95 24 

97 46 
99.68 

101.9 

104.1 

106.4 

108.6 

110.8 

©CM©**© 

eo»ot^©*-< 

*“1 ** »-* 

^oo©»© 

"* © 00 © CO 
CM CM CM CO CO 

135.2 

137.5 

139.7 

Abs. Pressure 0.20 lbs/in.* 

Gage Pressure 29.51 in. vac. 

(Sat. Temp. —144.9 F.) 

* 

! 

© 

0.2059 

.2094 

2129 

.2164 

0 2198 
.2231 
2264 
2297 
2329 

©©CM©X 

eoco** 

CM CM CM CM CM 

© 

0 2511 
.2541 
2569 
.2598 
.2626 

0.2654 ! 

.2682 
.2709 
.2736 
.2763 

0.2789 

.2816 

.2842 

.2868 

.2893 

0.2919 

.2944 

*«e 

91'19 

61.72 

62 89 

64 07 
65.27 

66 47 

67 70 
68.93 
70.18 
71.44 

72 71 

74 00 

75 30 

76 62 
77.94 

79 29 

80 64 
82.01 
83.39 
84.78 

86 19 
87.61 
89.04 
90.49 
91.95 

93.42 

94.91 

96.41 

97.93 

99.45 

100.99 

102.55 

to 

139.5 

141.7 

146 1 

150 6 
155.0 

159.5 

163.9 

168.3 

172.8 

177.2 

181.7 

186.1 

190.6 

195.0 

199.4 

©COXCM© 

M00NNH 

©o —^-cm 

© © © © 00 
CM 00 CO 00^ 
CM CM CM CM CM 

248.3 

252.7 

257.2 

261.6 

266.0 

270.5 

274.0 

Abs. Pressure 0.14 lbs/in.* 

Gage Pressure 29.64 in. vac. 

(Sat. Temp. -151.7 F.) 

•0 

0.2075 

0.2080 

.2117 

.2153 

.2188 

.2222 

0.2256 

.2290 

.2323 

.2355 

.2387 

0.2419 

.2450 

.2480 

.2511 

.2541 

0.2570 

.2599 

.2628 

.2656 

.2685 

0.2713 

.2740 

.2767 

.2795 

.2821 

0.2848 

.2874 

.2901 

.2926 

.2952 

0.2978 

< 

60.37 

60 57 
61.73 
62.89 
64.08 
65.27 

66.48 

67.70 

68.93 

70.18 

71.44 

72.72 

74.00 

75 31 

76 62 
77.95 

79 29 
80.64 

82 01 
83.39 
84.78 

86 19 

87 61 

89 05 
90.49 
91.95 

93.43 

94.91 

96 41 

97 93 
99.45 

00 101 

b 

© 

■o 

05 

196.1 

202.5 
208.8 

215.2 

221.5 

227.9 

234.2 

240 5 

246.9 

253.2 

259.6 

265 9 

272 3 

278 6 
284.9 

291.3 

297.6 
304.0 

310.3 

316.7 

©COh.©-* 

CO © © CM © 
CM CM CO 

COCO CO CO CO 

354.7 

361.1 
367.4 

373.7 

380.1 

386.4 

d 

fir.* 
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70 
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90 
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* Courtesy Kinetic Chemicals. Inc. 








































TABLE A.7—DICHLORODIFLUOROMETHANE (FREON-12) 
Properties op Superheatbo Vapor (Cont.) 
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APPENDIX 


TABLE A.8—ETHYLENE 
Properties of Liquid and Saturated Vapor! 


Temp. 

Pressure 

Volume 

Density 

fcnthalpy 
from — 40 F 

Entropy 
from —40 F 


F 

t 

Aba. 

lb/in* 

P 

Gage 
lb/in 2 
Pd 

Liquid 

ft 2 /lb 

v/ 

Vapor 

ftyib 

Vg 

Liquid 

lb/ft* 

1/Vf 

Vapor 

lb/ft* 

i/to 

n 

■ LiTTiyjJ® 


Liquid 
Btu/lb F 

•f 

Vapor 
Btu/lb F 

*• 

— 

176.8 

6.75 

*16.18 

0.02732 

16 4 

36 60 

0.061 


213.9 



0.756 

— 

173.2 

7.72 

*14.21 

0.02746 

14.5 

36.42 

0.069 

1.8 

214.5 

212.7 


0 749 

— 

169.6 

K&2 

U£A1I 

0.02760 

12.7 

36.23 

0.079 

3.5 

215.1 

211.6 

0.012 

0 742 

— 

106.0 

■ ftltiM 

*9.57 

0.02774 

11.1 

ETCH 

0.090 

5.3 

215.8 

210.5 

0.018 

0.735 

- 

162.4 

11.36 


0.02788 

9.71 

35.87 

0.103 

7.1 

2X0.3 

E 

0.024 

0 728 

__ 

158.8 

E1H 

* 3.87 

0.02802 

8.62 

35.69 

0.116 

9.0 

216.9 

207.9 


0 722 

— 

155.2 

14.44 

* 0.52 

0.02815 

7.52 

35 51 

0.131 

10.8 

217.5 

206 7 


0 716 

— 

151.6 

16 22 

1.52 

0.02830 

6 76 

35.32 

0.148 

12.6 

218.1 

205.5 

0 042 

0.710 

— 

148.0 

18.17 

3.47 

0.02846 

6.06 

35.14 

0.165 

14.5 

218.7 

204.2 

0.048 

0.704 

— 

144.4 


5.66 

0.02860 

5 49 

34.96 

0.182 

16.4 

219.2 

202.8 

0.054 

0 698 

_ 

140 8 

22.65 

7.96 

0.02875 

4.98 

34.78 

0.201 

18.3 

219.9 

201.6 

0.060 

0 693 

— 

137.2 

25.17 

■ttJEtt 

0.02890 

4.50 


0.222 

20.2 

220.6 

200.4 

0 066 

0 688 

— 

133 6 

27.91 

13 21 

0.02905 

4.08 

34.42 

0.245 

22.2 

221.2 

199.0 

0.072 

0.683 

— 

130.0 

30 86 

16.16 

0.02921 

3 72 

34.23 

0.269 

24 1 

221.8 

197.7 

0.078 

0.078 

— 

126.4 

34.06 

19 36 

0.02937 

3.39 


0.295 

26.0 

222.3 

196.3 


0.673 

_ 

122.8 



0.02953 

3.11 

33.87 

0.322 

28.1 

223 1 

195.0 


0 669 

— 

119-2 

41.19 

26 491 

0.02968 

2.85 

33.69 

0.351 

30.1 

223.8 

193.7 


0 665 

— 

115 6 

45.16 

miiww 

0.02985 

2.62 


0.382 

32.2 

224.6 

192.4 

0 102 

0 661 

— 

112 0 

WVWTi] 


0.03003 

2.40 

33.30 

0.416 

34.2 

225 3 

191.1 

0.108 

0 658 

— 

108 4 

53.93 

39 23 

0.03020 

2.21 

33.11 

0.452 

36.3 

226.0 

189.7 

0.114 

0 654 

_ 

104 8 

58.76 


0.03039 

2.04 

32.91 

0.490 

38.4 

226 7 

188.3 

0.120 

0 650 

— 

101.2 

63 90 

EMI 

0.03066 

1.89 

32.72 

EE3S 

40.5 

227.3 

186 8 

0.125 

0.647 

— 

97 6 

69.37 

54.67 

0.03077 

1.75 


0.573 

42.6 

228.0 

185.4 

0.131 

0 643 

— 

94 0 

75.17 

WiliWVi 

0.03098 

1.62 

32.28 

0.617 

44.8 

228.7 

183.9 

0.137 

0 640 

— 

90.4 

81.32 

66.62 

0.03118 

1.51 


0.663 

47.0 

229.4 

182.4 

0.143 

0 637 

_ 

86 8 

87.88 

73.18 

0.03139 

1.40 

31.86 

0.713 

49.2 

230.1 

180 9 

0.149 

0 634 

— 

83 2 

94.76 

■3 m2 

0.03161 

1.31 

31.64 

0.765 

51.4 

230.8 

179.4 

0.155 

0 631 

— 

79 6 


87.3 

0.03183 

1.22 

31.42 

0.820 

53.7 

231.5 

177.8 

0.101 

0 628 

— 

76 0 

109.7 


0.03205 

1.14 

mnm 

0.877 

55.9 

232.1 

176.2 

0.166 

0.026 

— 

72.4 

117.7 


0.03228 

1.07 

30.98 

0.938 

58 3 

232.9 

174.6 

0.172 

0 623 

_ 

68.8 

126 2 

111.5 

0.03251 

1.00 



60.6 

233 5 

172.9 

0.178 

0.621 

— 

65.2 

135.1 

W*KM 

0.03274 

0.936 

30.54 

1.065 

63 0 

234 3 

171.3 

0.184 

0.618 

— 

61 6 

144.4 

129 7 

0.03299 

rare 


1.138 

65.3 

234 9 

169.5 

0.190 

0 616 

— 

58 0 

154.2 

139.5 

0.03326 

0.826 


1.212 

67.8 

235.5 

167.7 

0.196 

0 613 

— 

54.4 

164 5 

149.8 

0.03352 

0.775 

29.83 

1.292 

70.3 

235.8 

165.5 

m 

0.610 

— 

50.8 

175.2 


0.03381 

0.730 

29.58 

1.374 

72.7 

236.1 

163.4 

0 208 

1 

— 

47 2 

186.7 


0.03408 

0.685 

29.34 

1.460 

75.3 

236.4 

161.2 

0.214 

0 605 

— 

43 6 

198 1 

183.4 

0.03436 

0 646 

E9E 

1.552 

77.8 

236.7 

158.9 

0 220 

0 602 

— 

40.0 

numm 

196.7 

0.03467 

BESS 

28.84 

1.649 

80.4 

237.0 

156.6 

0.226 

0.509 

— 

36.4 

223 2 


0.03499 

0.571 

28.58 

1.754 

83.0 

237.3 

154.3 

0.232 

0.506 

_ 

32 8 

236 6 

221 9 

0.03531 

0.535 

28 32 

1.865 

85.7 

237.5 

151.8 

0 238 

0 594 

— 

29.2 

mmm 

235 8 

0.03o66 

0.503 

28.04 

1.985 

88.4 

237.4 

149.0 

0.244 


— 

25 8 

265 2 


0.03602 

0.474 

27.76 

2.11 

91.1 

237 4 

146 3 


0.587 

— 

22.0 

280 1 

265.4 

0.03640 

0.444 

27.47 

2.25 

93.9 

237.4 

143.5 

0.256 

0.584 

— 

18.4 

296 0 

281.3 

0.03679 

0.418 

27.18 

2.39 

96.8 

237.2 

140.4 

0.263 

0.581 

_ 

14.8 

312.2 

297.5 

0 03721 

0.392 

26.87 

2 55 

99.6 

236.8 

137.1 

0.269 

0 577 

— 

11.2 

329 3 

314 6 

0.03760 

0 368 

26 56 

2.72 

102.7 

236.4 

133 7 

0.275 

0 573 

— 

7.8 

346 8 

332.1 

0.03811 

0.345 

26.24 

2.90 

105.7 

235.9 

130.2 

0.282 

0 570 

— 

4.0 

365 5 

350.8 

0.03858 

0.323 

25 92 

3.10 

108.8 

235.3 

126.5 

0.288 

0 566 

— 

0.4 

384 3 

369.6 

0.03911 

0.302 

25.57 

3.31 

112.0 

234.8 

122.8 

0.295 

0 562 

+ 

3.2 

404.4 

389.7 

0.03965 

0.283 

25.22 

3.53 

115.2 

234.2 

118.9 

0.301 

0 558 


6.8 

424 7 


0.04026 

0.266 

24.84 

3.76 

118.7 

233.6 

114.9 

0.308 

0.555 


10.4 

446.5 

431.8 

0.04090 

0.249 

24.45 

kmijHI 

122.3 

233.0 

110.6 

0.316 

0.551 


14.0 

468.7 

454.0 

0.04161 

0.234 

24 03 

4.28 

126.0 

232.4 

106.5 

0.323 

0 548 


17.6 

491.8 

477.1 

0.04237 

0.218 

23.6C 

4.58 

130 

232 

101.9 

0.331 

0 545 


21.2 



0.04323 

0.205 

23.13 

4.88 

134 

230 

97.0 

0.389 

0 541 


24 8 

540.4 

525 7 

0.04419 

0.190 

22.63 

5.26 

138 

229 

91.9 

0.348 

0.537 


28.4 

566 7 

551.0 

0.04527 

0.176 

ETCTil 

5 68 

142 

228 

86.0 

0.357 

0 533 


32.0 

593 3 

578.6 

0.04651 

0.163 

21.48 

6.15 

147 

226 j 

79.5 

0 307 

0 529 


35.6 

619 8 


0.04801 

0.149 


6.70 

152 

224 

72.3 

0.377 

0 523 


39.2 

649 5 

635.1 

0.04990 

0.135 

m 

7,39 

158 

222 

63.6 

0 389 

0.520 


42.8 


664.3 

0.05230 

0.121 

19.12 

8.27 

166 

218 

52.0 

0 404 

0.508 


46.4 


696.6 

0.05580 

0.103 

17.92 

9.68 

177 

211 

34.5 

0.420 

0 494 


48.85 

tkmM 

¥i¥Wn 

0 07418 

0 074 



194 

194 

0 

0.400 

0 460 


* Inches of mercury below one atmosphere, 
t Courtesy Unde Air Products Co. 
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TABLE A.9 

Properties op Dry Saturated Steam* 


Temp., 

F 


Specific Volume 

Enthalpy 

Entropy 


. Sat. 
Liquid 

Evap. 

Sat. 

Vapor 

Sat. 

Liquid 

Evap. 

Sat. 

Vapor 

Sat. 

Liquid 

I 

Evap. 

Sat. 

Vapor 

t 


Vf 

v/a 

Vo 

hf 

hfo 

ho 

•f 

Sfg 


81 

0.08854 


3306 

3306 



1076.8 


2.1877 

2.1877 

88 

0.00095 


2947 

2947 

3.02 

Blljxlil 

1077.1 


EKEED 

2.1770 

40 

0.12170 


2444 

2444 

8.05 

Bii/sKti 

1079 3 

0 0162 

2 1435 

2 1597 

48 

0.14752 


2036.4 

2036.4 

13.06 

1068.4 

1081.5 


2 1167 

2 1420 

80 

0.17811 


1703.2 

1703.2 

18.07 


1083.7 

V' ||| 


2 1264 

80 

0.2563 


1206.6 

1206.7 

28.06 

1059.9 




2.0948 

70 

0.3631 


867.8 

867.9 

38.04 

BBSS 

1092. 

Hfi/rM 

(EMiV 

2.0647 

80 

0 5069 


633.1 

633 1 

48.02 


1096 6 


1 9428 

2.0360 

90 

0.6982 


468.0 


57.99 

Spit# 


0 1115 

1 8972 

2 0087 

100 

0.9492 


350.3 


67.97 

m 

m 

0.1296 

1 8531 

1 9826 

110 

1.2748 

0.C1617 

265.3 

265 4 

77.94 

H 


0.1471 

1.81C6 

1 9577 

110 

1.6924 


203.25 

203.27 

87.92 

1025.8 

1113.7 

0.1645 

1.7694 

1 9339 

180 

2.2225 

0.01625 

157.32 

157 34 



■mar 

0.1816 

1 7296 

1.9112 

140 

2.8886 

MilMM 

122.99 

123.01 



1122.0 

EKH3 

■K3Q 

1 8894 

180 

3.718 

0.01634 


97.07 

117.89 

KijlyL 

1126.1 

0.2149 

1.6637 

1 8685 

180 

4.741 

0.01639 

77.27 

77.29 

127.89 

1002.3 

1130.2 

0 2311 

1 6174 

1 8485 

170 

5.992 

0.01645 



■ EMEHll 

996.3 

1134 2 

0.2472 

1 5822 

1 8293 

180 

7.510 

0.01651 



147.92 

990.2 

1138 1 

0.2630 

■KIEE 

1.8109 

190 

9 339 

0.01657 



157.95 

984. 1 

1142 0 

0.2785 

1.5147 

1 7932 

too 

11.526 

0.01663 

33.62 

33.64 

167.99 

977.9 

1145.9 

0.2938 

1.4824 

1 7762 

110 

14.123 

0.01670 


27.82 

178.05 

971.6 

1149.7 


1.4508 

1.7598 

til 

14.696 

0.01672 

26.78 


W12EZA 


■IK'JT 

0 3120 

1.4446 

1.7566 

110 

17.186 

0.01677 

23.13 

23 15 

188.13 

965.2 

1153.4 

0.3239 


1.7440 

180 

20 780 

0.01684 

19.365 

19 382 

198.23 

958.8 

mssm 

0.3387 

1 3901 

1.7288 

140 

24.969 

0.01692 

16.306 

16.323 


952.2 

1160.5 

0.3531 

1.3609 

1 7140 

180 

29.825 


13.804 

13.821 

216.48 

945.5 

1164.0 

0 3675 

1 3323 

1 6998 

180 

35.429 


11.746 

11.763 

228.64 

938.7 

1167.3 

0.3817 

1.3043 

1 6860 

170 

41.858 

0.01717 

10 044 

10.061 

238.84 

KMftj 

■uuKD 

0.3958 

1.2769 

1 6727 

180 

49.203 

0.01726 

8.628 

8.645 

249.06 

924.7 

1173 8 

0 4096 


1 6597 

190 

57.556 

0.01735 

7.444 

7.461 

259.31 

917.5 

1176.8 

0.4234 

1.2238 

1.6472 

mm 

67.013 

0.01745 

6.449 

6.466 

269.59 


1179 7 

0.4369 


1 6350 

810 

77.68 

0.01755 


5.626 



1182.5 


1.1727 

1.6231 

810 

89.66 

0.01765 

4.896 

4.914 


894.9 

1186.2 

0.4637 

1.1478 

1.6115 

880 

103.06 

0.01776 

4.289 



887.0 

1187.7 

0.4769 

1.1233 

1.6002 

EJ 

118.01 

0.01787 

3.770 

3.788 

311.13 





1.5891 

980 

134.63 

0.01799 

3.324 

3 342 

321.63 

870.7 

1192.3 



1 5783 

180 

153.04 

0.01811 

2.939 

2.957 

332.18 

862 2 

1194.4 

0.5158 

11 It,Ml 

1.5677 

870 

173 37 

0 01823 


2.625 

342.79 

853 5 

1196.3 

0.5286 


1 5573 

880 

195 77 

0 01836 

2.317 

2.335 

353.45 

844 6 

1198 1 

0.5413 

BilVrn 

1.5471 

890 

220.37 


2.0651 

2.0836 

364.17 

835.4 

1199.6 

0.5539 


1.5371 

400 

247.31 


1.8447 

1.8633 

374.97 



0.5664 

ffl 

1.5272 

410 

276 75 


1.6512 

1.6700 

385.83 

816.3 

Br-ttyJli 

0.5788 

0.9386 

1.5174 

410 

308.83 


1.4811 

1.5000 

396.77 

806.3 

BrMiW 

0.5912 

0.9166 

1.5078 

480 

343.72 


1.3308 

1.3499 


796 0 

mm 

0 6035 

0.8947 

1 4982 

440 

381.69 

0.01926 

1.1979 

1.2171 


785.4 


0 6158 

0.8730 

1.4887 

480 

422.6 

[iwitfyi 

1.0799 

1.0998 


774.5 


0.6280 

0.8513 

1.4793 

480 

466.9 

rntivl 

0.9748 

0.9944 

441.4 

763.2 


0.6402 

0.8298 

1.4700 

470 

514.7 


0.8811 

0.9009 

452.8 

751.5 

BrrriF 

0 6523 

0.8083 

1.4606 

480 

566.1 

roYIVa 

0.7972 

0.8172 

464.4 

739.4 

BWikBri 

0.6645 

0.7868 

1.4513 

490 

621.4 

ESI 

0.7221 

0.7423 

476.0 

726.8 

1202.8 

C.6766 

0.7653 

1.4419 

800 

680.8 

BBSS 

0.6545 

0.6749 

487.8 

713.9 



0.7438 

1.4325 

810 

812.4 

0.0209 

0.5385 

0.5594 

511.9 

686.4 

1198 2 

0.7130 


1.4136 

840 

962.5 

0.0215 

0.4434 

0.4649 

536.6 

656.6 

1193.2 

0.7374 

0.6568 

1.3942 

880 

1133.1 

0.0221 

0.3647 

0.3868 

562.2 

624 2 

1186.4 

0.7621 

0.6121 

1.3742 

880 

1325.8 

0.0228 

0.2989 

0.3217 

588.9 

588.4 

1177.3 

0.7872 

0.5659 

1.3532 

800 

1542.9 

0.0236 

0.2432 

0.2668 

617.0 

548.5 

1165.5 

0.8131 

0.5176 

1.3307 

810 

1786.6 

HI 

0.1955 

0.2201 

646.7 

503.6 


0 8398 

0.4664 

1.3062 

840 

2059.7 

0.0260 

0.1538 

0.1798 

678.6 


mmm 

0 8679 

0.4110 

1.2789 

880 

2365.4 

0.0278 

0.1165 

0.1442 

714.2 

390.2 

1104 4 

0 8987 

0.3485 

1.2472 

880 

2708.1 

0.0305 

0.0810 

0.1115 

757.3 

309.9 

1067.2 

0.9351 

0.2719 

1.2071 

700 

3093.7 

0.0369 

0.0392 

0.0761 

823.3 

172.1 

995.4 

0.9905 

0.1484 

1.1389 

708.4 

3206 2 

0.0503 

0 

0.0503 

902.7 

0 


1 0580 

0 

1.0580 


* Abstracted, by permission, from Thermodynamic Properties of Steam , by J. fL Keenan and F. G, 
Keyes, published by John Wiley A Sons, Inc. 
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APPENDIX 


TABLE A.ll 

Sodium Chloride Solutions* 


Enthalpy (Btu per lb from 32 F, where it is 200 minus heat of solution) 


Sp. Gr. 


1.04 

1.06 

1.08 

1.10 

1.12 

1.14 

1.16 

1.18 

Lb NaCl per 100 
lb solution 

5.5 

8.2 

10.9 

13.5 

16.1 

18.6 

21.1 

23.5 

Freezing 
point, F 


26.0 

22.7 

19.0 

14.9 

10.4 

5.4 

-0.3 

-3.6 

Lb NaCl per gal 
solution, 60 F 

0.48 

0.73 

0.98 

1.24 

1.50 

1.77 

2.04 

2.31 

Lb solution 
gal, 60 F 

per 

8.67 

8.84 

9.00 

. 9.17 

9.34 

9.50 

9.67 

9 84 

F 

-6.03 

Solid 

46.46 

50.34 

54.35 

58.29 

62.17 


69.68 

72.93 

-6.03 


70.26 

86.12 

101.77 

117.16 

132.29 

147.11 

161.65 

174.45 

-4 


72.42 

88.88 

105.12 

121.09 

136.79 

152.17 

167.26 

176 03 

-2 


74.65 

91.74 

108.60 

125.19 

141.48 

157.45 

173.13 

177.59 

0 

• 

77.05 

94.86 

112.43 

129.71 

146.70 

163.34 

178.98 

179 16 

2 


79.66 

98.28 

116.67 

134.74 

152.49 

169.90 

180.56 

180 73 

4 


82.50 

102.06 

121.35 

140.33 

158.98 

177.25 

182.15 

182 29 

6 

-a 

•a 

85.61 

106.22 

126.57 

146.57 

166.23 

183.47 

183.74 

183.86 

8 

£ 

89.09 

110.95 

132.50 

153.73 

174.56 

185.09 

185.33 

185 43 

10 


93.10 

116.45 

139.48 

162.16 

184.41 

186.71 

186.92 

187.00 

12 

E 

S3 

97.72 

122.90 

147.70 

172.13 

188.00 

188.33 

188.51 

188.58 

14 

O 

103.14 

130.47 

157.44 

183.96 

189.66 

189.96 

190.11 

190.15 

16 

c 

3 

109.60 

139.62 

169.24 

190.85 

191.31 

191.58 

191.71 

191.72 

18 


117.62 1151.09 

184.13 

192.54 

192.97 

193.21 

193.30 

193.30 

20 


127.97 

166.04 

193.64 

194.24 

194.63 

194.83 

194.90 

194.88 

22 


141.96 

186.43 

195.39 

195.94 

196.29 

196.46 

196.50 

196.45 

24 


162.72 

196.38 

197.14 

197.63 

197.94 

198.09 

198.10 

198 03 

26 


196.19 

198.18 

198.88 

199.33 

199.61 

199.72 

199.70 

199 61 

28 


199.00 

199.98 

200.63 

201.03 

201.27 

201.34 

201.30 

201 19 

30 


200.85 

201.77 

202.38 

202.74 

202.94 

202.98 

202.91 

202 77 

32 


202.71 

203.57 

204.12 

204.44 

204.60 

204.61 

204.51 

204.35 

34 


204.57 

205.37 

205.87 

206.14 

206.26 

206.24 

206 11 

205 93 

36 


206.43 

207.17 

207.62 

207.85 

207.93 

207.88 

207.72 

207.51 

38 

'5 

208.29 

208.97 

209.37 

209.56 

209.60 

209.51 

209.33 

209.10 

40 

a 4 

3 

210.15 

210.78 

211.12 

211.26 

211.27 

211.15 

210.94 

210.68 

42 


212.01 

212.57 

212.87 

212.97 

212.94 

212.79 

212.54 

212 27 

44 


213.87 

214.38 

214.62 

214.68 

214.61 

214.43 

214.16 

213 86 

46 


215.73 

216.18 

216.38 

216.39 

216.29 

216.07 

215.77 

215.44 

48 


217.59 

217.99 

218.14 

218.11 

217.96 

217.71 

217.38 

217 03 

50 


219.46 

219.80 

219.89 

219.82 

219.63 

219.34 

218.99 

218.62 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 106. 
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TABLE A. 12 

Calcium Chloride Solutions* 

Enthalpy (Btu per lb from 32 F, where it is 200 minus heat of solution) 


jSp. Gr. 

1.08 

1.12 

1.16 

1.20 

1.25 

1.28 

Lb CaCl, per 100 lb 
solution 

9.2 

13.5 

17.6 

21.5 

25.1 

28.7 

Freezing point, F 

23.2 

16.5 

7.0 

-5.8 

-21.5 

-44.3 

Lb solution per gal, 
60 F 

9.01 

9.35 

9.68 

10.01 

10.35 

10.68 

l ’ F 

—65 3 

41.14 

54.70 

67.69 

80.22 

92.27 

103.80 

—60 ^ 

43.07 

56.59 

69.54 

82.01 

94.02 

105.52 

-59.8 

43.15 

56.65 

69.61 

82.08 

94.08 

105.58 

-59.8 

60.60 

82.30 

103.13 

123.16 

142.43 

160.93 

-55 

63.34 

85.40 

106.57 

126.16 

146.52 

165.30 

-50 

66.25 

88.67 

110.23 

130.94 

150.87 

169.97 

-45 

69.31 

92.20 

114.18 

135.30 

155.64 

175.13 

-40 

72.57 

95.96 

118.44 

140.04 

160.82 

180.24 

-35 

76.01 

100.02 

123.08 

145.25 

166.58 

183.41 

-30 ^ 

79.71 

104.43 

128.15 

150.96 

172.90 

186.59 

1 

-20 3 

-15 « 

83.72 

109.24 

133.77 

157.34 

180.01 

189.77 

88.07 

114.63 

140.13 

164.64 

187.57 

192.95 

93.01 

120.76 

147.41 

173.04 

190.87 

196.15 

-10 s 

98.64 

127.91 

156.04 

183.06 

194.19 

199.35 

O' 

_ 5 3 

105.07 

136.36 

166.42 

192.45 

197.51 

202.55 

0 

112.60 

146.29 

178.67 

195.95 

200.84 

205.77 

5 

121.63 

158.44 

193.87 

199.45 

204.18 

208.99 

10 

133.07 

174.13 

198.38 

202.97 

207.53 

212.21 

15 

149.39 

197.04 

202.11 

206.49 

210.89 

215.45 

20 

176.58 

201.63 

205.86 

210.03 

214.27 

218.70* 

25 

201.49 

205.63 

209.62 

213.58 

217.75 

221.94 

30 

205.79 

209.65 

213.38 

217.14 

221.04 

225.20 

35 

210.12 

213.67 

217.15 

220.70 

224.44 

228.46 

40 

214.44 

217.70 

220.94 

224.28 

227.85 

231.74 

45 72, 

218.78 

221.74 

224.74 

227.87 

231.27 

235.02 

50 g. 

223.11 

225.79 

228.54 

231.47 

234.69 

238.31 

3 

55 

227.46 

229.85 

232.35 

235.08 

238.13 

241.62 

60 

231.82 

233.91 

236.17 

238.70 

241.58 

244.93 

65 

236.18 

237.98 

240.00 

242.32 

245.03 

248.24 

70 

240.55 

242.07 

243.83 

245.95 

248.50 

251.57 

75 

244.92 

246.17 

247.67 

249.59 

251.97 

254.86 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 102. 
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TABLE A. 13 

Viscosity of Freon Refrigerants, Centipoises* 
(Liquid at saturation pressure; vapor at 1 atra.)t 


Temp. F 

F-ll 

CCljF 

F-12 

CCl*Ft 

F-22 

CHClFj 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

-40 

.980 


.423 

.0106 

.351 

. .0105 

-20 

.801 


.371 


.316 

.0109 

0 

.677 


.335 

.0113 

.291 

.0113 

20 

.586 



.0116 

.271 

.0118 

40 

.517 

.0103 

.286 

.0120 

.256 

.0122 

60 

.401 

.0106 

.269 

.0123 

.243 

.0126 

80 

.417 


.255 

.0126 

.232 

.0130 

100 

.380 


.242 


.223 

.0133 

120 

.349 

.0116 

.232 


.214 

.0137 

140 

.323 

.0120 

.222 

.0135 


.0141 

160 

.300 

.0123 

.214 

.0138 


.0145 

180 

.281 

.0126 

.207 

.0140 

.195 

.0148 


* From “The Viscosities of ‘Freon’ Refrigerants,” by A. F. Benning and 
W. H. Markwood, Refrigerating Engineering, Vol. 37, No. 4 (April, 1939), p. 243. 
t Effect of pressure changes of less than one atmosphere is negligible. 
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TABLE A. 14 

Conductivity of Insulating Materials* 
Btu(in.) per (hr)(sq ft)(F) 


Material 

Density 
lb per 
cu ft 

Mean 

temp., 

F 

Conduc¬ 

tivity 

k 

Asbestos, packed. 

43.8 

32 

1.62 

Asbestos, loose. 

29.3 

32 

1.07 

Asbestos, paper, thin layers organic binder. 

31.2 

86 

0.49 

Asbestos mill board. 

60.5 

86 

0.84 

Asbestos wood. 

123.0 

86 

2.70 

Asphalt roofing (felt). 

55.0 

86 

0.70 

Balsa. 

7.36 

86 

0.35 

Cement wood (sawdust and Portland Cement). 

44.6 

68 

0.97 

Charcoal (hardwoods), coarse. 

13.2 

90 

0.36 

Cork board, typical. 

8.3 

35 

0.27 

Cork board, typical. 

8.3 

60 

0.28 

Cork board. 

6.7 

-22 

0.22 

Cork, regranulated, coarse. 

8.1 

90 

0.31 

Cork, regranulated. 

6.5 

77 

0.27 . 

Cotton. 

5.06 

32 

0.39 

Diatomaceous earth. 

30.0 

30 

0.56 

Eel grass. 

9.4 

86 

0.31 

Glass wool, high grade. 

1.76 

85 

0.265 

Glass wool, high grade. 

3.61 

74 

0.237 

Glass wool, high grade. 

5.37 

75 

0.224 

Glass wool, commercial grade. 

2.49 

65 

0.26 

Hair felt, not compressed. 

13.0 

90 

0.26 

Insulation boards, fiber various. 

15-21 

70 

0.32-0.38 

Kapok, loosely packed. 

0.87 

84 

0.24 

Planer shavings, various woods. 

8.7 

86 

0.40 

Rock wool. 

10.0 

90 

0.27 

Rock wool. 

14.0 

90 

0.28 

Rubber, expanded. 

4.85 

72 

0.21 

Sawdust, various woods. 

12.0 

90 

0.41 

Miscellaneous materials: 




Glass, window. 


1 

5.5 

Gravel. 

115.0 

68 

2.6 

Gravel, peanut, 2.6 % water. . 


68 

7.5 

Ice. 

57.5 

32 

15.6 

Soil, clay, 14 % moisture 




Loosely packed. 

75 

68 

2.6 

Loaded I cwt. per sq. ft. 

80 

68 

4.9 

Loaded 1 ton per sq. ft. 

96 

68 

8.4 

Loam over sand and gravel, 3 ft. deep. Seasonal 




change due to variation of moisture content.... 



7.8-10.7 

Snow. 

34.7 


3.2 

Water. 


50 

4.3 






* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 155. 
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TABLE A.15 

Thermal Conductivity of Building Materials* 
Btu(in.) per (hr)(sq ft)(F) 


Material 

Density 
lb per 
cu ft 

Mean 

temp., 

. F 

Conduc¬ 
tivity 
k ~ 

Brick, low density. 



5.0 

Brick, high density. 



9.2 

Cement mortar. 



12.0 

Cement plaster, typical. 



12.0 

Concrete, typical. 

Concrete, typical fiber gypsum, 87.5 % gypsum, 12.5 % 



12.0 

wood chips. 

51.2 

74 

1.66 

Sand and gravel. 

142 

75 

12.6 

Limestone. 

132 

75 

10.8 

Cinder. 

97 

75 

4.9 

Cinders, boiler (i to } in.). 

60 

71 

1.23 

Stucco, typical. 


. . 

12.0 

Tile or terazzo, typical. 


. . 

12.0 

Asbestos building board. 

123 

86 

2.7 

Gypsum, between layers of heavy paper. 

62.8 

70 

1.41 

Gypsum, plaster, typical. 



3.30 

Wood across grain, typical. 


. . 

1.00 

Balsa. 

8.8 

90 

. 0.38 

Redwood, California, 16% moisture. 

22 

75 

0.74 

Fir, Douglas, 16% moisture. 

26 

75 

0.76 

Maple, hard, 16 % moisture. 

Pine, yellow short leaf, 16 % moisture. 

40 

75 

1.15 

26 

75 

0.84 

Pine, yellow short leaf, 16 % moisture. 

36 

75 

1.04 


* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 156. 
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TABLE A.16 

Conductance of Building Materials and Constructions* 
Btu per (hr)(sq ft)(F) for thickness indicated 


Material 

Density 
lb per 
cu ft 

Mean 

temp., 

F 

Conduct¬ 

ance 

C 

Plasterboard, f in. thick. 



3.73 

Plasterboard, $ in. thick.,. 



2.82 

Roofs: 

Asphalt, composition or prepared roofing. 

70 

75 

6.50 

Shingles, asbestos. 

65 

75 

6.00 

Shingles, asphalt. v . 

70 

75 

6 50 

Shingles, slate. 

201 

10.4 

Metal lath and plaster, total thickness $ in. 


4.40 

Wood lath and plaster, total thickness } in. 


70 

2 50 

Fir shearing, 1-in. and building paper. 


30 

0.86 

Fir shearing, 1-in. building paper and yellow pine 
lap siding. 


20 

0.50 

Fir shearing, 1-in. building paper and stucco. 


20 

0.82 

Air spaces over } in. faced ordinary building materials. 
Typical hollow clay tile, 4 in... .^. 


40 

1.10 

1.00 

Typical hollow clay tile, 6 in. 



0.64 

Typical hollow clay tile, 8 in. 



0.60 

Typical hollow clay tile, 10 in. 



0.58 

Typical hollow clay tile, 12 in. 



0.40 

Typical hollow clay tile, 16 in.. 



0.31 

Concrete block, sand and gravel, typical, 8 in. 



1.00 

Concrete block, sand and gravel, typical, 12 in. 



0.80 

Concrete block, cinder aggregate, typical, 8 in. 



0.60 

Concrete block, cinder aggregate, typical, 12 in. 

Surface coefficient, inside U . 



0.53 

1.65 

Surface coefficient, outside f 0 , 15 m.p.h. wind. 



6.00 





* From Refrigerating Data Book, 5th ed. American Society of Refrigerating 
Engineers, 1943, p. 156. 
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TABLE A. 17 

Thermodynamic Properties op Water at Saturation* 


Fahr. 

Temp. 

(F) 

t 

Absolute 

Pressure 

In. Hg 

P. 

Specific Volume, cu ft per lb 

Enthalpy, Btu per lb 

1 

Sat. Solid 

Vi 


Sat. Solid 

hi 

Sat. Vapor 

hg 

-160 

1 . 008 / 10 7 

' 

0.01722 

I 

•36.07 • 10* 

-222.05 

990.38 

-156 

1.840 

0.01723 

20.08 

-220.44 

992.58 

-150 

3.29 

0.01723 

11.39 

-218.82 

994.80 

-145 

5.803 

0.01724 

6.577 

-217.17 

997.00 

-140 

10.03 

0.01724 

. 3.864 

-215.49 

999.21 

-135 

17.06 

0.01725 

2.308 

-213.80 

1001.42 

-130 

28.56 

0.01725 

1.400 

-212.08 

1003.63 

-125 

4.708/10* 

0.01726 

8.622 • 10* 

-210.34 

1005.84 

-120 

7.649 

0.01726 

5.386 

-208.58 

1008.05 

-115 

12.26 

0.01727 

3.411 

-206.79 

1010.26 

-110 

19.38 

0.01728 

2.189 

-204.98 

1012.47 

-105 

30.25 

0.01728 

1.422 

-203.14 

1014.68 

-100 

46.64 

0.01729 

0.9352 

-201.28 

1016.89 

- 95 

7.108/10* 

0.01729 

6.223 • 10* 

-199.40 

1019.10 

- 90 

10.71 

0.01730 

4.186 

-197.49 

1021.31 

- 85 

15.96 

0.01730 

2.846 

-195.56 

1023.52 

- 80 

23.55 

0.01731 

1.955 

-193.60 

1025.73 

- 75 

34.39 

0.01732 

1.356 

-191.62 

1027.94 

- 70 

49.74 

0.01732 

0.9501 

-189.61 

1030.15 

- 65 

71.28 

0.01733 

0.6715 

-187.58 

1032.36 

- 60 

1.012/10* 

0.01734 

4.788-10* 

-185.52 

1034.58 

- 55 

1.426 

0.01734 

3.443 

-183.44 

1036.79 ' 

- 50 

1.900 

0.01735 

2.496 

-181.34 

1039.00 

- 45 

2.757 

0.01736 

1.824 

-179.21 

1041.21 

- 40 

3.790 

0.01737 

1.343 

-177.06 

1043.42 

- 35 

5.170 

0.01737 

0.9961 

-174.88 

1045.63 

- 30 

0.7003/10* 

0.01738 

7.441 • 10* 

-172.68 

1047.84 

- 25 

0.9420 

0.01739 

5.596 

-170.46 

1050.05 

- 20 

1.259 

0.01739 

4.237 

-168.21 

1052.26 

- 15 

1.670 

0.01740 

3.228 

-165.94 

1054.47 

- 10 

2.203 

0.01741 

2.475 

-163.65 

1056.67 

- 5 

2.888 

0.01741 

1.909 

-161.33 

1058.88 

0 

0.03764/1 

0.01742 

14.81 • 10* 

-158.98 

1061.09 

5 

0.04878 

0.01743 

11.55 

-156.61 

1063.29 

10 

0.06286 

0.01744 

9.060 

-154.22 

1065.50 


* Abstracted, by permission, from Heating Ventilating Air Conditioning Guide 
1948, Chapter 3. 
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TABLE A. 17 

Thermodynamic Properties of Water at Saturation (Cont.) 


Fahr. 

Temp. 

(F) 

t 

Absolute 

Pressure 

In. Hg 

V • 

Specific Volume, cu ft per lb 

Enthalpy, Btu per lb 

Sat. Solid 
or Liquid 

Vi 

Sat. Vapor 

Sat. Solid 
or Liquid 

hi 

Sat. Vapor 

h 0 

15 

0.08056 

0.01744 

7.144 

-151.80 

1067.70 

20 

0.1027 

0.01745 

5.662 

-149.36 

1069.90 

25 

0.1303 

0.01746 


-146.89 

1072.09 

30 

0.1645 

0.01747 

3.608 

-144.40 

1074.29 

32 

0.1803 

0.01747 

3.305 

-143.40 

1075.16 



V/ 


hf 


32 

0.18036 

0.01602 

3304.61 

0.00 

1075.16 

35 

0.20342 

0.01602 

2947.8 

3.02 

1076.48 

40 

0.24767 

0.01602 

2445.4 

8.04 

1078.68 

45 

0.30023 

0.01602 

2037.3 

13.06 

1080.87 

50 

0.36240 

0.01602 

1704.3 

18.07 

1083.06 

55 

0.43564 

0.01603 

1431.5 

23.08 

1085.24 

60 

0.52160 

0.01603 

1207.1 

28.08 

1087.42 

65 

0.62209 

0.01604 

1021.7 

33.08 

1089.60 

70 

0.73916 

0.01605 

867.97 

38.07 

1091.78 

75 

0.87506 

0.01606 

739.97 

43.06 

1093.95 

80 

1.0323 

0.01607 

633.03 

48.05 

1096.12 

85 

1.2136 

0.01609 

543.35 

53.05 

1098.28 

90 

1.4219 

0.01610 

467.90 

58.04 

1100.44 

95 

1.6607 

0.01612 

404.19 

63.03 

1102.59 

100 

1.9334 

0.01613 

350.22 

68.02 

1104.74 
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TABLE A. 18 

Thermodynamic Properties of Moist Air (Standard Atmospheric Pressure, 

29.921 in. Hg)* 


Fahr. 

Humidity 

Ratio 

W m X 10 s 

Volume 

cu ft/lb dry air 

Enthalpy 
Btu/lb dry air 

Condensed Water 

Temp. 

(F) 

( 

Dry Air 

Moist 

Air 

v» 

Dry Air 

A* 

Moist Air 

hm 

Enthalpy 

Btu/lb 

K 

Entropy 

Btu/(lb) 

(F) 

«w 

-160 

0.2120 


7.520 


-38.504 

-222.00 

-0.4907 

-150 

0.6932 

7.775 

7.776 


-36.088 

-218.77 

-0.4800 

-140 

2.109 


8.029 

-33.674 

-33.674 

-215.44 

-0.4695 

-130 

6.000 
W. X 10 7 

8.283 

8.283 

-31.262 

-31.262 

-212.03 

-0.4590 

-120 

1.606 

8.537 

8.537 

-28.852 

-28.852 

-208.52 

-0.4485 

-110 

4.063 

8.792 

8.792 

-26.444 

-26.444 

-204.92 

-0.4381 

-100 

9.772 
W, X 10» 


9.046 

jg|||M 

-24.036 

-201.23 

-0.4277 

- 90 

2.242 


9.300 

-21.631 

-21.629 

-197.44 

-0.4173 

- 80 

4.930 

9.553 

9.553 

-19.225 


-193.55 

-0.4069 

- 70 

10.40 

W . X 10 s 


9.806 



-189.56 

-0.3965 

- 60 

2.118 , 


10.059 

-14.416 

-14.394 

-185.47 

-0.3861 

- 50 

4.163 


10.314 

-12.012 

-11.969 

-181.29 

-0.3758 

- 40 

7.925 
W. X 10* 

10.566 


- 9.609 

- 9.526 

-177.01 

-0.3655 

- 30 

1.464 

10.820 

10.822 

- 7.207 

- 7.053 

-172.64 

-0.3552 

- 20 

2.630 

11.073 

11.078 

- 4.804 

- 4.527 

-168.17 

-0.3449 

- 10 

4.606 
W. X 10» 

11.326 

11.334 

- 2.402 

- 1.915 

-163.60 

-0.3346 

0 

0.7872 

11.578 

11.593 


0.835 

-158.93 

-0.3244 

5 

1.020 


11.724 

1.201 

2.286 

-156.57 

-0.3193 

10 

1.315 

11.831 

11.856 

2.402 

3.803 

-154.17 

-0.3141 

15 

1.687 

11.958 

11.990 

3.603 

5.403 

-151.76 

-0.3090 

20 

2.152 

12.084 

12.126 

4.804 

7.106 

-149.31 

-0.3039 

25 

2.733 

12.211 

12.265 

6.005 

8.934 

-146.85 

-0.2988 

30 

3.454 

12.338 


7.206 

10.915 

-144.36 

-0.2936 

35 

4.275 

12.464 

12.549 

8.407 


3.06 

0.00061 

40 

5.213 


12.695 

9.608 


8.09 

0.0162 

45 

6.331 

12.717 

12.846 

10.809 

17.650 

13.10 

0.0262 

50 

7.658 

12.843 

13.001 

12.010 

20.301 

18.11 

0.0361 

51 

7.952 

12.868 

13.032 

12.250 

20.862 

19.11 

0.0381 

52 

8.256 

12.894 

13.064 

12.491 

21.436 

20.11 

0.0400 

53 

8.569 

12.919 

13.097 

12.731 

22.020 

21.12 

0.0420 

54 

8.894 

12.944 

13.129 

12.971 

22.615 

22.12 

0.0439 

55 

9.229 

12.970 

13.162 

13.211 

23.22 

23.12 

0.0459 

56 

9.575 

12.995 

13.195 

13.452 

23.84 

24.12 

0.0478 

57 

9.934 

13.020 

13.228 

13.692 

24.48 

25.12 

0.0497 

58 

10.30 

13.045 

13.261 

13.932 

25.12 

26.12 

0.0517 

59 

10.69 

13.071 

13.295 

14.172 

25.78 

27.12 

0.0536 


* Abstracted, by permission, from Healing Ventilating Air Conditioning Guide 
1948, Chapter 3. 
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TABLE A. 18 

THERMODYNAMIC PROPERTIES OF MOIST AlR (STANDARD ATMOSPHERIC PRESSURE, 

29.921 in. Ho) (Cont.) 


Fahr. 


Volume 

cu ft/lb dry air 

i 

Enthalpy 
Btu/lb dry air 

Condensed Water 

Temp. 

(F) 

t 

Humidity 

Ratio 

W. X 10* 

Dry Air 

v * 

Moist 

Air 

v . 

Dry Air 

A. 

Moist Air 

K 

Enthalpy 

Btu/lb 

K 

Entropy 

Btu/(lb) 

(F) 

60 

11.08 

13.096 

13.329 

14.413 

26.46 

28.12 

0.0555 

65 

13.26 

W. X 10* 

13.222 

13.504 

15.614 

1 

30.06 

33.11 

0.0651 

70 

1.582 

13.348 

13.687 

16.816 

34.09 

38.11 

0.0746 

75 

1.882 

13.474 

13.881 

18.018 

38.61 

43.10 

0.0840 

76 

1.948 

13.499 

13.921 

18.259 

39.57 

44.10 

0.0859 

77 

2.016 

13.525 

13.962 

18.499 

40.57 

45.10 

0.0877 

78 

2.086 

13.550 

14.003 

18.740 

41.58 

46.10 

0.0896 

79 

2.158 

13.575 

14.045 

18.980 

42.62 

47.10 

0.0914 


2.233 

13.601 

14.087 

19.221 

43.69 

48.10 

0.0933 

81 

2.310 

13.626 

14.130 

19.461 

44.78 

49.09 

0.0952 

82 

2.389 

13.651 

14.174 

19.702 

45.90 

50.09 

0.0970 

83 

2.471 

13.676 

14.218 

19.942 

47.04 

51.09 

0.0989 

84 

2.555 

13.702 

14.262 

20.183 

48.22 

52.09 

0.1007 

85 

2.642 

13.727 

14.308 

20.423 

49.43 

53.09 

0.1025 

86 

2.731 

13.752 

14.354 

20.663 

50.66 

54.08 

0.1043 

87 

2.824 

13.777 

14.401 

20.904 

51.93 

55.08 

0.1062 

88 

2.919 

13.803 

14.448 

21.144 

53.23 

56.08 

0.1080 

89 

3.017 

13.828 

14.496 

21.385 

54.56 

57.08 

0.1098 

90 

3.118 

13.853 

14.545 

21.625 

55.93 

58.08 

0.1116 

91 

3.223 

13.879 

14.595 

21.865 

57.33 

59.07 

0.1135 

92 

3.330 

13.904 

14.645 

22.106 

58.78 

60.07 

0.1153 

93 

3.441 

13.929 

14.697 

22.346 

60.25 

61.07 

0.1171 

94 

3.556 

13.954 

14.749 

22.587 

61.77 

62.07 

0.1188 

95 

3.673 

13.980 

14.802 

22.827 

63.32 

63.07 

0.1206 

96 

3.795 

14.005 

14.856 

23.068 

64.92 

64.06 

0.1224 

97 

3.920 

14.030 

14.911 

23.308 

66.55 

65.06 

0.1242 

98 

4.049 

14.056 

14 .967 

23.548 

68.23 

66.06 

0.1260 

99 

4.182 

14.081 

15.023 

23.789 

69.96 

67.06 

0.1278 

100 

4.319 

14.106 

15.081 

24.029 

71.73 

68.06 

0.1296 

101 

4.460 

14.131 

15.140 

24.270 

73.55 

69.05 

0.1314 

102 

4.606 

14.157 

15.200 

24.510 

75.42 

70.05 

0.1332 

103 

4.756 

14.182 

15.261 

24.751 

77.34 

71.05 

0.1350 

104 

4.911 

14.207 

15.324 

24.991 

79.31 

72.05 

0.1367 
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TABLE A. 19 

Properties or Mixtures or Air and Saturated Water Vapor, 0 to 32 F* 
Total Pressure— 29.921 in. Hg (Vapor Pressures Are Those of Sub-cooled Water) 


Tem¬ 

pera- 

ture, 

F 

Satu¬ 
ration 
pressure, 
in. Hg 

Specific 
humidity 
for satu¬ 
ration, 
grains 
per lb of 
dry air 

Volume 
of satu¬ 
rated 
mixture, 
cu ft 
per lb of 
dry air 

Specific 
enthalpy 
of vapor¬ 
ization 
of water, 
Btu per lb 

Specific 
enthalpy 
of satu¬ 
rated 
steam, 
Btu per lb 

Specific 
enthalpy 
of dry air, 
Btu per lb 

Enthalpy 

of 

mixture, 
Btu per lb 
of dry air 

X Func¬ 
tion of 
mixture, 
Btu per lb 
of dry air 

Tem¬ 

pera¬ 

ture, 

F 

0 

0.0448 

6.53 

11.61 

1093.8 

1061.8 

0 

0.99 

1.02 

0 

1 

0.0469 

6.84 

11.63 

1093.2 

1062.2 


1.28 

1.31 

1 

2 

0.0492 

7.17 

11.66 

1092.7 

1062.7 

0.48 

1.57 

1.60 

2 

3 

0.0515 

7.51 

11.68 

1092.1 

1063.1 

0.72 

1.86 

1.89 

3 

4 

0.0540 

7.87 

11.71 

1091.5 

1063.5 

0.96 

2.16 

2.19 

4 

5 

■will 

8.24 

11.74 

1091.0 

1064.0 

1.20 

2.45 

2.48 

5 

6 


8.63 

11.77 

1090.4 

1064.0 

1.44 

2.75 

2.78 

6 

7 

BiYrltfS 

9.03 

11.79 

1089.9 

1064.9 

1.68 

3.05 

3.09 

7 

8 

0.0647 

9.45 

11.82 

1089.3 

1065.3 

1.92 

3.36 

3.39 

8 

9 

0.0677 

9.89 

11.84 

1088.7 

1065.7 

2.16 

3.67 

3.70 

9 

10 

0.0708 

10.33 

11.87 

1088.2 

1066 2 

2.40 

3.97 

4.01 

10 

11 

0.0741 

10.81 

11.89 

1087.6 

1066.6 

2.64 

4.29 

4.32 

11 

12 

0.0775 

11.31 

11.92 

1087.1 

1067.1 

2.88 

4.60 

4.64 

12 

13 

0.0810 

11.82 

11.95 

1086.5 

1067.5 

3.12 

4.92 

4.95 

13 

14 

0.0846 

12.35 

11.97 

1085.9 

1067.9 

3.36 

5.24 

5.28 

14 

15 

0.0884 

12.90 

12.00 

1085.4 

1068.4 

3.60 

5.57 

5.60 

15 

16 

0.0923 

13.47 

12.02 

1084.8 

1068.8 

3.84 

5.90 

5.93 

16 

17 

0.0964 

14.08 

12.04 

1084.3 

1069.3 

4.08 

6 23 

6.26 

17 

18 

0.1007 

14.71 

12.07 

1083.7 

1069.7 

4.32 

6.57 

6.60 

18 

19 

0.1051 

15.36 

12.10 

1083.1 

1070.1 

4.56 

6.91 

6.94 

19 

20 

0.1097 

16.02 

12.13 

1082.6 

1070.6 

4.80 

7.25 

7.28 

20 

21 

0.1145 

16.73 

12.16 

1082.0 

1071.0 

5.04 

7.60 

7.63 

21 

22 

0.1194 

17.45 

12.19 

1081.5 

1071.5 

5.28 

7.95 

7.98 

22 

23 

0.1245 

18 20 

12.21 

1080.9 

1071.9 

5.52 

8.31 

8.33 

23 

24 

0.1298 

18.97 

12.24 

1080.3 

1072.3 

5.76 

8.67 

8 69 

24 

25 

0.1353 

19.78 

12.27 

1G79.8 

1072.8 

6.00 

9.03 

9 05 

25 

26 

0.1411 

20.63 

12.30 

1G79.2 

1073.2 

6.24 

9.40 

9.42 

26 

27 

0.1470 

21.51 

12.33 

1078.7 

1073.7 

6.48 

9.78 

9.79 

27 

28 

0.1532 

22.41 

12.35 

1078.1 

1074.1 

6.72 

10.16 

10.17 

28 

29 

0.1597 

23.36 

12.38 

1077.5 

1074.5 

6.96 

10.94 

10.56 


30 

0.1663 

24.33 

12.41 

1076.9 

1074.9 

7.20 

10.94 

10.94 

30 

31 

0.1732 

25.35 

12.44 

1076.3 

1075.3 

7.44 

11.33 

11.34 

31 

32 

0.1803 

26.41 

12.46 

1075.8 

1075.8 

7.68 

11.74 

11.74 

32 


* From Rtfrigerating Data Book, 5th ed. American Society of Refrigerating Engineers, 1043, p. 434. 


TABLE A.20 

Properties op Dry Air at 14.7 Pbia 
(Units: Btu, lb, hr, ft, F) 


Temp. 

Specific Heat 

Conductivity 

Viscosity 

Density 

0 

0.240 

0.0124 

0.040 

0.0863 

20 

0.240 

0.0128 


0.0827 

40 

0.240 

0.0132 


0.0794 

60 

0.240 

0.0136 


0.0763 

80 

0.240 

0.0140 

0.045 

0.0734 

100 

0.240 

0.0145 

0.046 

0.0708 
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TABLE A.21 

Dimensions of Welded anu Seamless Steel Pipe* 


Nomina) 
pipe aiae* 
in. 

CKitsidt? 

diameter, 

in. 

1 Nominal for 

Schedule Nilmbers, in," 

40 

80 

J 

0,405 

0.008 

0 005 

\ 

0 640 

O.088 

0119 


0 gj| 

0.091 

0.120 

i 

0/840 

o ioy 

0 147 


i 0.60 ‘ 

0.H3 

0 J.YA 

S 

1.315 

0 133 

0.179 

it 

1.060 

0,110 

M 0 101 

H 

1.900 

0 145 

• S i 6.21X1 ;V: 

2 

2 375 

« 154 

0 218 

& 

2 876 

0 203 

0 276 

3 

3 5 

0,211} 

0 300 


4 0 

• 

0 226 

0.318 

4 WA 

4 5 

0.237 

0.337 

6 ! ;$$!}#£ 

5.563 

0 258 

0.375 

is 

0.625 

0 280 

0 432 

8 

8 035 

0 322 

0 5O0 

10 

• : io 75 

0 365 

0.593 

12 

J2.75 

I..,,J 

0.400 

: • ' 1 A '''-- ’• V 

0 687 


* From Anierirsm Stam.hut! I'.vr ami Seamless Steel Pipe (ASA No. B36-10, 

1939); copies available from Aojer.ira.ij .Standards Association. 70 E. 45th St, New 
York. 


TABLE A,22 

Equivalent Feet of Pipe fob Valves and FtTTlNQs* 
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TABLE A.23 

Maximum Tons Refrigeration for Ammonia Mains* 


Pipe 

size 

in. 

Suction line 


Liquid Line 

Suction pressure psig (temp F) 

Condenser 

to 

receiver 

Receiver 

to 

system 


20 (5.5 F) 


i 





2.5 

12.0 

i 

0.6 

1.1 

2.0 

3.1 

6.0 

20.0 

\ 

1.2 

2.2 

4.1 

6.0 

14.0 

75.0 

1 

2.2 

4.0 

7.5 

11.4 

24.0 

137. 

ii 

4.4 

8.0 

15.0 

22.4 

50.0 

245. 

H 

6.4 

11.8 

21.6 

30.9 

77.0 

400. 

2 

12.1 

22.2 

42.0 

62.0 

140. 

850. 

2J 

19.1 

35.5 

65.0 

97.5 

220. 

1475. 

3 

31.5 

59.0 

108. 

160. 

375. 

2400. 

3* 

46.6 

87.5 

156. 

238. 

540. 

3500. 

4 

64.0 

118. 

240. 

330. 

740. 


5 

117. 

208. 

385. 

560. 

1320. 


6 

175. 

306. 

600. 

905. 

2030. 


8 

362. 

650. 

1200. 

1810. 

4200. 


10 

640. 

1180. 

2160. 

3200. 



12 

940. 

1850. 






* Reproduced, by permission, from Equipment Standards, 1946 edition of the Air 
Conditioning and Refrigerating Machinery Association, Incorporated. 
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TABLE A.24 

Tons Refrigeration for Methyl Chloride Mains* 
for 1 Psi Pressure Drop Per 100 Ft| 


Line size 
in. 

Internal 
cross 
sectional 
area, 
sq in. 

Suction line 

Discharge 

line, 

86 F 
cond 
temp 
(80.82 
psig) 

Liquid 

line 

Suction temp F and 
corresponding press, psig 


20 F 

(14.06 lb) 

40 F 

(27.91 lb) 

1 OD 

0.031 





0.46 

|OD 


0.09 

0.12 

0.15 

0.19 

1.55 

i OD 

0.146 

0.22 

0.27 

0.34 

0.45 

3.62 

i IPS 


0.27 

0.34 

0.43 

0.57 

4.6 

I OD 

0.233 

0.42 

0.52 

0.66 

, 0.87 

7.0 

i IPS 

0.304 

0.51 

0.64 

0.80 

1.06 

8.5 

iOD 

0.484 

1.11 

1.40 

1.77 

2.33 

18.8 

iips 

0.533 

1.11 

1.40 

1.77 

2.33 

18.8 

If OD 

0.825 

2.28 

2.87 

3.62 

4.77 

38.4 

1 IPS 

0.861 

2.12 

2.67 

3.37 

4.44 

35.8 

If OD 

1.256 

3.89 

4.89 

6.17 

8.12 

65.4 

If IPS 

1.496 

4.28 

5.38 

6.78 

8.92 

72.0 

If OD 

1.780 

6.35 

8.0 

10.1 

13.3 

107 

U IPS 

2.036 

6.6 

8.3 

10.5 

13.8 

111 

2f OD 

3.094 

13.2 

16.6 

21.0 

27.6 

222 

2 IPS 

3.356 

13.0 

16.3 

20.6 

27.1 

218 

2f OD 

4.77 

23.7 

29.8 

37.6 

49.6 

399 

2} IPS 

4.78 

21.4 

26.9 

33.9 

44.7 

360 

3f OD 

6.812 

37.6 

47.2 

59.5 

78.5 

632 

3 IPS 

7.383 

36.2 

45.6 

57.5 

75.9 

610 

3f OD 

9.213 

57.0 

71.8 

90.5 

119 

960 

3f IPS 

9.687 

54.4 

68.5 

86.3 

114 

916 

4f OD 

11.97 

80.2 

101 

127 

168 

1350 

4 IPS 

12.73 

78.4 

96.2 

121 

160 

1287 

5 IPS 

19.99 

139 

174 

220 

290 

2350 

6 IPS 

28.89 

227 

286 

360 

474 


8 IPS 

50.03 

466 

587 

740 

975 


10 IPS 

78.82 

867 

1093 

1380 

1820 


12 IPS 

113.1 

1400 

1760 

2220 

2920 



•Hendrickson, H. M., “Determination of Refrigerant Pipe Size.” 
Engineering, Vol. 52, No. 4 (October, 1946), p. 317. 
t Factors for other pressure drops per 100 ft 


Refrigerating 


ss. drop 

Multiplier 

0.5 

0.69 

2.0 

1.45 

3.0 

1.80 

4.0 

2.10 

5.0 

2.36 
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TABLE A.25 

Freon-12 Liquid Lines, Tons Capacity per 100 Ft Equivalent Length* 


Line size, 
inches 

Pressure drop per 100 ft equivalent length, psi 

3 

5 

10 

20 

i OD 

0.88 

1.14 

1.80 

2.58 

i OD 

2.89 

3.64 

5.56 

8.50 

i IPS 

4.86 

6.81 

10.2 

15.8 

f OD 

4.86 

6.81 

10.2 

15.8 

f IPS 

9.73 

12.6 

18.5 

27.0 

i OD 

10.5 

14.1 

21.8 

33.0 

1 IPS 

21.4 

28.2 

41.3 

60.8 

HOD 

21.4 

28.2 

41.3 

60.8 

li IPS 

v 36.9 

48.1 

70.5 

101. 

HOD 

36.9 . 

48.1 

70.5 

101. 

li IPS 

62.0 

80.2 

114. 

160. 

l|OD 

62.0 

80.2 

114. 

160. 

2 IPS 

124. 

161. 

231. 

328. 

2i IPS 

230. 

■ 297. 

426. 

607. 

3 IPS 

364. 

469. 

676. 

972. 

3i IPS 

539. 

704. 

1005. 

1430. 

4 IPS 

753. 

972. 

1385. 

1945. 


* Reproduced, by permission, from Equipment Standards, 1946 edition of the Air 
Conditioning and Refrigerating Machinery Association, Incorporated. 
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TABLE A.26 

Maximum Tons of Compressor Capacity for Freon-12 Lines* 
(Only for temperatures indicated) t 


Line Size 
Inches 

Suction Lines 

Based on 105 F Condensing Temperature 

Discharge 

Lines 

Psi Pressure Drop per 100 Ft 
Equivalent Length at 40 F Saturation 

Condensing 

Temperature 

i 

1 

2 

3 

4 

5 

115 F 

90 F 

* 

OD 



I 


0.41 

l 



» 

IPS 



1 

V 

0.49 





OD 

m 


3 ] 


0.73 


1.43 

1.15 

* 

IPS 

1 


1 | 


0.93 

■ 

1.87 

1.50 

i 

OD 

0.55 


I TO 

1.34 

1.58 

1.75 

2.97 

2.38 


IPS 



1.35 

1.65 

1.92 

2.12 

3.26 

2.62 

i* 

OD 

1.26 


2.57 

3.17 

3.76 

4.15 


4.05 

i 

IPS 

1.43 


2.89 

3.54 

4.17 

4.60 

5.29 

4.25 

h 


2.21 

3.12 

4.45 

5.50 

6.38 

7.05 

7.72 

6.19 

a 


2.70 

3.82 

5.37 

6.72 

7.68 

8.48 

9.16 

7.35 

u 

OD 

3.40 

4.78 

6.79 

8.42 

9.77 

10.8 


8.75 

ij 

IPS 

4.05 

5.75 


10.12 

11.6 

12.8 

12.5 

10.0 

2f 

OD 

6.12 

8.60 

12.1 

15.1 

17.4 

19.2 

19.2 

15.3 

2 

IPS 

7.66 

10.9 

15.3 

19.2 

32.2 

24.5 


16.5 

21 

OD 

12.0 

17.1 


30.1 

34.6 

38.2 

32.2 

25.9 

2J 

IPS 

12.0 

17.1 


30.1 

34.6 

38.2 

32.24 

> 25.9 

3f 

OD 

19.1 

27.2 

38.2 

47.8 

55.0 

60.7 

51.5 

39.8 

3 

IPS 

20.9 

29.4 

42.3 

51.8 

60.0 

66.2 

54.5 

43.8 

3f 

OD 

27.8 

39.7 

55.7 

69.8 

80.3 

88.7 

72.0 

57.6 

3J 

IPS 

30.2 

43.2 

61.0 

76.1 

87.0 

96.0 

78.8 

63.3 

4f 

OD 

38.6 

55.2 

78.0 

97.3 

111 

123 

95.8 

77.1 

4 

IPS 

40.7 

58.6 

83.0 

103 

118 

130 

101.6 

81.6 

5 

IPS 

71.3 

100 

141 

176 

203 

224 

171.5 

137.8 

6 

IPS 

126 

183 

257 

322 

366 

403 

266 

214 

8 

IPS 

211 

297 

422 

523 

602 

664 

461 

370 

10 

IPS 

352 

503 

712 

887 

1024 

1130 

725 

582 

12 

IPS 

550 

780 

1106 

1373 

1582 

1748 

1041 

836 


* Reproduced, by permission, from Equipment Standards, 1946 edition of the Air 
Conditioning and Refrigerating Machinery Association, Incorporated, 
f See Table 12.5 for other suction temperatures, p. 283. 
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TEMPERATURE,F 


Fig. A.l. Viscosity and density of ammonia vapor. 
From Refrigerating Data Book, 5th ed., 1943, p. 178. 
American Society of Refrigerating Engineers. 


ASSOLUTE PRESSURE , PSI 
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PCRCfclfT 


. , A ' «acl 

Viscosity -ami density of sodium chloride brine, liom Refrigerating 
c 5th ed. r VMS, p. 182. American Society of Refrigeratiag Engineers. 




F»g. A^S, Viscosity and density of $fd(uum chloride brine. From Refrifffiratdn# Daid 
Bonk , 5tb>d.; KH3, p. ISO- • Arneneun Society ryf llefri gem ting Engineers. 
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0 10 to 90 40 90 90 70 

TEMPERATURE , F 

Fig. A.5. Pipe friction multipliers for sodium chloride 
brine. From R. C. Doremus, “ Piping for Indirect Refriger¬ 
ation.” Heating, Piping and Air Conditioning, Vol. 10, 
No. 3 (April, 1938). 



0 10 to 90 40 SO SO 70 

TEMPERATURE ,F 


Fig. A.6. Pipe friction multipliers for calcium chloride brine. 
From R. C. Doremus, “ Piping for Indirect Refrigeration.” Heat¬ 
ing, Piping and Air Conditioning , Vol. 10, No. 4 (April, 1938). 
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Answers to Problems 


2.1. 23.5 tons 


CHAPTER 2 
2 . 3 . 1.02 tons 


2 . 6 . 8.14 tons 


3 . 1 . n - 1.19 

3.8. (a) x — 0.16 

(b) 1.163 cu ft per lb 

(c) * - 0.14 


CHAPTER 3 

8 . 6 . 

3 . 7 . 

3 . 9 . 


3.016 Btu per lb 
12.3 Btu per lb 


CHAPTER 4 


4.1. (a) c.p. - 14.17; 15.17 

(b) c.p. = 8.75; 9.75 

(c) c.p. - 6.18; 7.18 

(d) c.p. - 4.69; 5.69 

4 . 3 . (a) v = 0.982; 0.952; 0.852 

(b) v = 0.963; 0.902; 0.690 

4.6. (a) 148.0 Btu per lb 

(b) 1.351 lb per (ton)(min) 

(c) 6.72 cu ft per (ton)(min) 

(d) 1.1 hp per ton 

(e) c.p. = 4.29 

(f) 246.6 Btu per (ton)(min) 

4.7. (a) 18.6 per cent; 100 per cent 

(b) 18.6 per cent; 89.6 per cent 

4.8. (a) 6.42 tons 

(b) 6.42 hp 

(c) 6.74 hp 


(d) 1644.2 Btu per hr 

(e) 95,761 Btu per hr 

4 . 11 . (a) 3.42 X 5.13 in. 

(b) 4.12 X 6.17 in. 

(c) 7.47 X 11.2 in. 

4 . 13 . (a) 10.0 F 

(b) c.p. = 6.80 (no heat exchanger) 
c.p. = 6.84 (with heat ex¬ 
changer) 

4 . 14 . (a) 72.87 Btu per lb 

(b) 54.89 lb per min 

(c) 144.85 cu ft per min 

(d) 28.2 hp 

(e) c.p. - 3.35 

(f) 5194.2 Btu per min 

(g) 3.29 in. 


#.l. (a) 2.91 lb 

(b) 0.01451b 

(c) 0.002771b 

6.8. 4.22 lb per min 

6.8. (a) 8,850 to 9,440 lb 
(b) 20 to 30 lb 


CHAPTER 5 

(c) nonflammable; 17.04 to 27.6 lb 
3 . 6 . (a) 1603 lb; 23.3 cu ft 
(b) 1203 lb; 17.5 cu ft 

3 . 9 . (a) 128.41b 
(b) 1.74 cu ft 


6 . 1 . (a) 141.3 lb per min 

(b) 394.2 cu ft per min 

(c) 299.2 cu ft per min 

(d) c.p. = 2.35 

(e) 2.01 hp 
6.8. (a) 156.25 F 

(b) 242.5 F 

(c) 28.3 hp 

(d) 122.5 F 


CHAPTER 6 

(e) -11.9 F 

(f) 31.98 hp 

(g) 5.21 tons 

6 . 4 . (a) 1.362 lb motive steam per lb 
vapor 

(b) x = 0.937 

(c) 974.1 Btu per lb 

(d) 16.8 lb per (hr)(ton) 

(e) 22,524 cu ft per (hr)(ton) 
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ANSWERS TO PROBLEMS 


6.7. (a) 250 tons 


(d) 0.730 hp per ton 

(b) 48.6 lb per min; 116,402 

cu ft 

(e) c.p. = 6.47 

per min 


(f) 371.9 gpm 

6.9. (a) 2.881b per (ton) (min) 


6.12. (a) 1&.9 psia 

(b) 24.5 cu ft per (ton) (min) 


(b) 0.00876 hp; 6.53 watts 

(c) 7.38 cu ft per (ton)(min) 


(c) 340.0 watt-hr 


CHAPTER 8 

8.1. 0.427 fps 


8.11. (a) 5 F 

8.3. (a) 0.48 psi 


(b) 75 F 

(b) 1.13 psi 


8.13. (a) 0.063 Btu per (hr)(sq ft)(F) 

(c) 1.49 psi 


(b) 0.0453 Btu per (hr)(sq ft)(F) 

8.5. 20.2 Btu per (hr)(sq ft of inside 

8.16. (a) 0.483 Btu per (hr)(sq ft)(F) 

surface) (F) 


(b) 0.092 Btu per (hr)(sq ft)(F) 

8.7. 1.93 Btu per (hr) (ft of pipe) 

8.17. (a) 0.108 Btu per (hr)(sq ft)(F) 

8.9. 0.643 sq ft 


(b) 0.104 Btu per (hr)(sq ft)(F) 


CHAPTER 9 

9.1. (a) 0.126 in. Hg 


9.6. 80 F 

(b) 15.9 per cent 


68.6 F 

(c) 15.5 per cent 


9.7. Fog at 53.5 F 

(d) 0.00263 lb 


9.9. 13 cu ft 

(e) 20.16 Btu per lb 


9.11. (a) —2 F 

(f) 20.34 Btu per lb 


(b) -17 F 

(g) 20.11 Btu per lb 


(c) 0.00031 lb 

9.8. (a) 30.2 per cent 


(d) 0.33 Btu per lb 

(b) 30.1 per cent 


9.13. 41,600 lb 

(c) 0.00098 lb 


29.5 F 

(d) 7.05 Btu per lb 


98 per cent 

(e) 7.54 Btu per lb 


9.16. 22 per cent 

(f) 7.15 Btu per lb 




CHAPTER 10 

10.1. 80,900 Btu per hr 


10.7. 17.6 tons 

10.8. 5,600 Btu per hr 


10.9. 49,020 Btu per hr 

10.6. 4985 Btu per hr 




CHAPTER 11 

11.1. 10 ft 


11.7. 6,900 cfm 

11.8. (a) 10,270 cfm 


25 F 

(b) 11.35 lb per min 


11.9. 2170 Btu per (hr)(sq ft)(F) 


11.6. 

2 




CHAPTER 12 

12.1. 

11.5 psi 

(b) 6.66 psi 

12.3. 

(a) i, 2f, and 2f in. O.D. 

(c) i hp 


(b) 1 and $, 3, and 1J in. 

12.7. If, f, and If in. O.D.; one sine 

12.6. 

(a) 1J in. 

larger for F-12 



12.9. 1} in. 


CHAPTER 13 


13.1. (a) 31 per cent less 
(b) 32.8 per cent less 
18.1 hp 
12.61 hp 


13.6. 21.4 hp 
17.9 hp 

13.7. 17.5 hp 

13.9. 19.66 hp 


13.3. 
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14.1. (a) 5.50 psia 

(b) 6.13 F 

14.3. (a) 0.113 cu ft per min 

(b) 5.50 cu ft per min 


CHAPTER 14 

14 . 5 . (a) 1.86 per cent 

(b) 1.41 per cent 
14 . 7 . (a) 3.5 per cent 

(b) 94.2 per cent 

(c) 97.7 per cent 


CHAPTER 15 


15.1. Total enthalpy values 

(a) 141 Btu 

(b) 113 Btu 

(c) 573 Btu 

(d) 601 Btu 

(e) -51.4 Btu 

(f) 21.6 Btu 

(g) 996 Btu 


(h) .803 Btu 

(i) 6 Btu 
0) 1131 Btu 
(k) 158 Btu 
(m) 668 Btu 

15 . 3 . 10.89 and 8.49 cents per hr 

15 . 6 . (a) chemical dehydration 
(b) refrigeration 


CHAPTER 16 


16 . 1 . (a) 0.015 

(b) 0.029 

(c) M = 0.056 
x = 0.951 

yield = 4.9 per cent 

16.3. (a) -97.2 F 

> (b) -98.03 F 

(c) 6.1 F 

(d) -76.3 F 

16 . 4 . (a) 10.3; 7.35 

(b) 2.28; 3.85 lb per (ton)(min) 

(c) 1.27; 1.38 hp per ton 

(d) 37.8; 11.72 cu ft per (ton) (min) 

(e) c.p. = 3.70; 3.42 
combined c.p. = 2.26 

(f) 53.3; 66.5 F 

(g) 2.65 hp 

(h) 49.5 cu ft per (ton)(min) 


(i) compression ratio = 49.4 
3.26 lb per (ton) (min) 

110.5 cu ft per (ton)(min) 

3.40 hp per ton 
c.p. = 1.39 

discharge temperature = 

169.8 F 

16.6. (a) 853.4 psia 

(b) 47.571b 

(c) 2.431b 

(d) 8988.1 Btu 

16 . 8 . (a) 37.4 1b 
(b) $1.31 

16 . 9 . (a) 186.7 hp per (ton solid C0 2 

per hr) 

(b) 594.3 cu ft per (ton solid CO s ) 
(min) 


17.1. (a) $1.70 

(b) $1.58 

(c) $1.61 

(d) $1.65 


18.1. 90.8 lb 

18.3. 22.2 to 40 tons 

8.6 to 27.2 tons 
$6,000 to $15,000 
$4,500 to $9,000 

18.5. (a) 2100 sq ft 
4600 sq ft 


CHAPTER 17 

17 . 3 . (a) 6.37 

(b) 5.0 

(c) 4.25 

17 . 6 . 103 tons 


CHAPTER 18 

4700 sq ft 
350 seats 
(b) $7350+ 
$10,350+ 
$8225+ 
$7875 + 


A 

Absolute zero, 361, 364 
Absorbent, 27, 343-344, 366 
Absorber, 27, 338-340, 348, 349, 351 
Absorbing chamber, 27 
Absorption refrigeration, 27-30, 337-355, 
399-401, 426-429 
absorption vs. compression, 344 
cycle analysis, 350-355 
cycle, elementary, 27-30 
early, 6, 11 
flow diagram, 342 
Absorptivity, 166 
Accessories, pipe, 290 
Activated alumina, 288, 356 
Activated carbon, 421 
Adiabatic demagnetization, 371-372 
Adiabatic saturation, 186 
Adsorbents, 356 
Aging rooms, 435 
Air: 

as a refrigerant, 78 
cooling systems, 409 
dehumidified quantity, 265 
distribution, 410, 425 
enthalpy of, 177 
fogged, 188 
heat content of, 177 
liquefaction of, 376-380 
mixing, 188 
outlet, 425 
precooling, 410 

properties of, 173, 484-486 (table) 
saturated, 173 
subfreezing conditions, 183 
-vapor mixture, 172, 173, 183, 185 
processes, 186 
washers, 410 

Air conditioning, 409-429 
amusement spaces, 423-424 
buildings, 421-423 
chemically, 187 
comfort, 191, 419 
definition of, 409 
industrial, 358, 411-419 
loads, 191, 202 
processes, 186-188 
residences, 427-429 
stores, 419 

transportation, 424-427 
zoning, 209 
Air conditions: 
design, 198-201 (table) 
products, 194-196 (table) 


Index 

Air-cycle refrigeration, 104-109, 137-141 
closed, 25, 107, 109 
coefficient of performance for, 107 
net work, 106 
open, 25. 107-108 

Aircraft refrigeration, 137-141, 424, 439 
Albert, D., 448 
Algren, A. B., 234 
Allen, F. M., 395 
Althouse, A. D., 146, 335 
Altitude chamber, 395-397 
Aluminum alloy treatment, 398-399 
Aluminum oxide, 356 
Ambrose, E. R., 119 ? 408 
American Gas Association, 345 
American Society of Heating and Ven¬ 
tilating Engineers, 175-191 
American Society of Refrigerating Engi¬ 
neers, 11 
Ammonia: 

as a refrigerant, 78 
pipe size, 488 (table) 
thermodynamic properties of, 451-455 
(tables), inside back cover (dia¬ 
gram) 

viscosity of, 492 (chart) 

Amusement spaces, 423 
Analysis of absorption cycle, 351-355 
Analyzer, 30, 339-341, 349, 351 
Anderson, E. P., 146 
Andrews, D. H., 406, 408 
Anesthetic, 394 

Apparatus dew r point, 264—266, 268, 358 
Appert, H., 430 
Appliance heat, 222-225 
Aqua ammonia: 

properties of, 496 (chart) 
use of, 338-340 

Aqua heat exchanger, 339-342 
Artificial atmospheres, 395-397 
Artificial ice, 403-405 
Ashton, J. G., 408 
Atmosphere: 

air and water vapor. 172 
artificial, creation of, 395-397 
Atmospheric towers, 248-250 
Atomic pile, 402 
Authenrieth, A. J., 408 
Automatic expansion valve, 315-317 
Awnings, 212 

B 

Back-pressure valve, 301-302, 328 
Bacteria, 430, 434 
Baffles, gravity coil, 259, 261 


INDEX 
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Bakeries, 438 
Baudelot cooler, 263, 439 
Baumeister. T., 408 

Beauty parlor equipment, sources of heat 
from, 224-225 
Benning, A. F., 478 
Bigeleisen, J., 385 
Blast coil, 256, 266 
Blast freezing, 432, 433 
Blast furnace, 397-398 
Bodinus, W. S., 119, 146 
Body heat, 213-216 (tables) 

Boehmer, A. P., 245 

Boiling, heat transfer during, 164, 252 

Bolometer, 406 

Bone-dry weight, 414 

Bottling plants, refrigeration in, 439 

Bowling alleys, air conditioning of, 424 

Boyle’s law, 43 

Brandt, E. A., 408 

Bratley, C. O., 437 

Brayton cycle, 105 

Breweries, refrigeration in, 438 

Brickwedde, F. G., 385 

Bridgman, J., 370 

Bridgman, P. W., 45 

Brines, 100-101 

calcium chloride, properties of, 477 
(table) 

piping, 289. 495 (charts) 
sodium chloride, properties of, 476 
(table) 

viscosity of, 492-493 (charts) 
Brine-spray cooler, 270 
Brown, A. I.. 157-158, 161, 163, 170 
Brown, S. W., 448 
Bubble pump, 28, 348 
Building construction, 407 
Building heat transmission, 203 
Building materials: 
conductance of, 481 (table) 
conductivity of, 480 (table) 

Buildings, air conditioning of, 421-423 
Buna-S, 401 

Buses, air conditioning of, 425-426 

Butadiene, 401-402 

By-pass factors, 221-222, 264-266 

C 

Cabinets, air conditioning of, 418 
Calcium chloride brine: 
pipe friction, 495 (chart) 
thermodynamic properties of, 477 
(table) 

viscosity and density of, 493 (chart) 
Candy, refrigeration in manufacture of, 
416-417 

Capacity factors for suction line, 283 
(table) 

Capillary tube, 20-21, 322-324 
Capillary w'ashers, 411 
Carbon, activated, 421 
Carbon dioxide: 
as a refrigerant, 80 
phase diagram for, 380 (chart) 


Carbon dioxide (con*.): 
thermodynamic properties of, inside 
back cover (diagram) 

Carbon dioxide snow T , 381 
Carnot cycle, 53-55, 361-362 

reversed, 55-57, 105, 116.——- 

two-phase, 54 
Can-6, F., 6, 337, 344 
Carrene, 80 

Carrier, W. H., 174, 189, 202, 226, 229, 
233, 272, 410. 429 
Carrier’s equation, 174 
Carter, F. Y., 319, 335 
Cascade system, 373-375, 382 
Cavello, T., 394 

Cellulose, refrigeration in manufacture 
of, 402-403 
Cement cooling, 407 
Centipoise, 150 

Centrifugal refrigeration, 114-116, 143- 
146 

efficiency of compression, 116 
theoretical head developed by com¬ 
pressor, 115-116 
Charles’ law. 43 

Chemical denumidification, 187, 355-358, 
417 

vs. refrigeration, 356-358 
Chemical driers, 288-289 
Chemical industries, refrigeration in, 
402-403, 417 

Chemical laboratory, air conditioning 
of 418 

Chemicals, air conditioning in handling 
and manufacturing, 417 
Cheme, R. E., 202, 226, 229, 233, 272, 
410, 429 
Chilling: 

products, 215-220, 430 
rooms, 219, 435 

Chocolate, air conditioning in manufac¬ 
ture of, 416 

Circuit length, evaporator, 255 (table) 
Clark, G. H., 283, 294 
Claude liquefaction system, 377-379 
Clausius, 38 
Clearance pockets, 333 
Coefficient of performance: 
definition of, 55, 390 
for air-cvcle system, 107 
for heat engine, 56 
for heat pump, 56 
for refrigerating machine, 55, 71 
for vapor compression cycle, 71 
for various refrigerants, 88-89 (table) 
Coil: 

-air quantity, 265-268 

by-pass factors, 221-222, 265-266 

cooling, early, 8 

copper, specifications and uses of, 274- 
277 

performance, 162 
Coilletet, 360 
Cold storage, 436 
Collins, S. C., 406 
Columbian nitride, 406 
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Comfort air conditioning, 418 
Comfort chart, 192 (chart) 
Commercial refrigeration, 441-447 
Compression: 

compound, 311-312 
departure from theoretical, 62 
dry, 58 
dual, 303-308 
exponent for, 59, 70 (table) 
heat equivalent of work of, 69 
isentropic, 59 
isothermal, 59 
isothermal vs. isentropic, 47 
process, 39, 47-48 
rotary, 67 
stage, 128, 372 
wet. 58. 136 
work ot, 69, 106 
Compressor: 
air, 105 

centrifugal, 114, 116 
-capacity control, 332-334 
early, 9, 122 

heat rejected to cooling water, 70 
hermetic, 128, 130-131 
motor controls, 324-326 
multiple-effect, 127 
open, 128 

operation, 286 (chart), 312 (table) 
power, 286 (chart), 312 (table) 
reciprocating: 
bearings, 130 
cooling, 133, 136 
crankshaft, 130 
crankshaft seal, 129 
cylinder arrangement, 124 
cylinder design, 122-128 
cylinder heads, 126 
double-acting, 124 
drives, 128 
elementary, 17-19 
horizontal, 124 
lubrication, 133 
number of cylinders, 125 
radial, 124-125 
safety heads, 126 
single-acting, 123-124 
speeds, 129 
valves, 131 

valve arrangement, 132 
valve design, 132 
vertical, 127 
rotary, 19-21, 131, 136 
two-stage, 11 
Concrete cooling, 407 
Condensation: 
dropwise, 236 
film-tvpe, 237 
process of, 47, 58 
theory of, 164 
Condenser: 

air-cooled, 238-240 
design, 236-238 
elementary, 18, 20, 22, 29 
evaporative, 245 
fouling, 238 


Condenser {coni.): 

heat rejected from, 68, 71 
heat transfer, 237 
primary, 23-25 
secondary, 23-25 
water-cooled, 239-244 
Condensing, theory of, 164 
Condensing water control, 332 
Conductance, thermal, 167, 169, 481 
(table) 

Conduction, heat: 
in cylinders, 155 
parallel, 169 
series, 169 
theory of, 154 
through pipes, 155, 168 
Conductivity, thermal: 
general, 154, 156 
of air ; 486 (table) 
of building materials, 480 (table) 
of gases and vapors, 158 
of insulations, 479 (table) 
of liquids, 158 
of refrigerants, 94, 96 
of solids, 157-158, 479-480 (tables) 
temperature effect on, 158 
units, 157 

values, range of, 157 
Conductors, heat, 155 
Confectionary, air conditions of, 416-417 
Conference of Weights ana Measures, 
Seventh General, 364 
Conservation of energy, law of, 37 
Constant volume gas thermometer, 363 
Controls: 

automatic expansion-valve, 315, 317 
capillary expansion, 322-324 
compressor-capacity, 332-334 
compressor motor, 324-326 
conaensing-water, 244-246, 332 
high-pressure cutoff, 326, 334 
high-side float valve, 321-322 
low-side float valve, 320-321 
low-voltage, 334 
manual expansion-valve, 315 
multiple-evaporator, 329-330 
solenoid, 327 
suction pressure, 328-329 
thermostatic expansion-valve, 316- 
318, 319 (chart) 
thermostat-solenoid, 330-331 
Convection: 
cooling, 252-268 
forced, 159-162, 267 
free or natural, 162, 164 
heat transfer by, 159-164 
theory of, 158 
Cook, S. V., 434 
Coolers: 

air-cycle, 25. 105 
heat rejected to, 106 
Cooling: 

and dehumidifying, 187 
evaporative, 186 
forced convection, 267 
sensible, 186 
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Cooling load: 
calculation of, 229-233 
components of, 191 
estimate form, 231 
examples, 229-232 
types of, 191 

Cooling towers, 247-252, 346 
Copper: 

conductivity of, 157 
tubing, specifications, 274-277, 275- 
276 (tables) 

Cork, J. M., 370, 384 
Costs, comparative: 

absorption vs. electric refrigeration, 
5146-347 (chart) 

of heating fuels, 390-391 (chart) 
Cramer, S. W., 409 
Crane cabs, air conditioning of, 418 
Critical: 

^ constants, 367 
isotherm, 32 

Crocker, S., 274, 275, 280, 281, 294, 484 

Crossman, L. W., 395 

Cryogenic, 360, 405-407 

Cryostat, 406 

Cullen, W., 394 

Curie’s law, 371 

Cycle: 

absorption, elementary, 27-30 
air, 25-27, 104-109 
equipment for, 137-141 
centrifugal, 22-23, 114-116 
equipment for, 143-146 
ejector, 23-25, 109-114 
Rankine, 59 

steam jet, equipment for, 141-143 
vapor compression: , 

departures from theoretical, 60-64, 
61 (chart) 

elementary, with centrifugal com¬ 
pressor, 22-23 

elementary, with reciprocating com¬ 
pressor, 17-19 

elementary, with rotary compressor, 
19-21 

mathematical analysis of, 68-75 
practical, 61 

theoretical, 58-60, 58 (chart) 

D 

Dairies, refrigeration in, 438 
Dance halls, air conditioning of, 424 
Dam construction, refrigeration in, 407 
DeBye, P., 360, 371, 384 
Defrosting, 269-272 
Dehumidifving: 
chemical, 187, 355-358, 421 
cooling and, 187 
Dehydrator, 288, 289 
Delivery room air conditioning of, 389 
Dense-air system, 107 
Density, refrigerant vapor and liquid, 
89-90, 90 (table) 

Department stores, air conditioning of, 

419 


Desiccation. 407 

Design conditions, cooling load. 191, 197, 
198-201 (table), 202 (table) 
DeSorbo, W., 406, 408 
Dewar, 360 

Dew Point temperature, 173, 175-176, 
181, 264 
Diagram: 

Mollier, 35, 37 
pressure-enthalpy, 35-36, 45 
pressure-volume, 36, 45 
temperature-entropy, 36, 45 
Dichlorodifluoromethane (Freon-12): 
as a refrigerant, 80-82 
thermodynamic properties of, 464-471 
(tables), inside back cover (dia¬ 
gram) 

Dichloroethylene, 83 
Dichloromonofluoromethane (Freon-21), 
80 

Dichlorotetraflouroethane (Freon-114), 
80 

Dimensional analysis, 158-160 
Dimensionless numbers, 160 
Direct refrigeration, 409-410 
Discharge lines, 284, 488-491 (tables) 
Discharge pressure effect, 286 (chart) 
Display cases, 441-444 
Doctors in refrigeration, 394 
Domestic: 

absorption unit, 346-350, 426 -429 
freezer, 445-448 
refrigerator, 445-448 
Doors: 

heat transfer through, 206 
infiltration, 209, 212-213, 214 (table) 
Doremus, E. C., 294, 495 
Double-pipe condenser, 240-242 
Drake, L., 297 
Drier: 

chemical, 288, 289 
coil. 260 
surface, 260 

Drugs, air conditioning in handling of, 
417 

Dry-bulb temperature: 
definition of, 172 
hourly variation of, 202 (table) 
measurement of, 175 
Dry ice: 

manufacture of, 380-384 
uses of, 397, 441 
Dual compression, 303-308 
Ductwork: 

air leakage, 226-227 
cooling effect from, 227 
heat gain, 226-227, 227 (table) 
sizing, 410 
Dunne, R. VD., 398 

E 

Economical condenser operation, 244- 
245, 246 (chart) 

Effective temperature, 192-193, 192 

(chart), 193 (table) 
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Efficiency: 

centrifugal compressor. 116 
clearance volumetric, o3-66 
compression. 65. 112 
conventional volumetric, 65 
entrainment, 112 
leakage volumetric, 65 
nozzle, 112 

theoretical volumetric, 65 
total volumetric, 66 
volumetric, 64-67, 71 
volumetric due to superheating, 65 
volumetric without clearance, 65 
Ejector, 23, 110-111, 143 
Ejector-cycle refrigeration, 109-114 
Elbows, pipe, 280 
Electric lignts, heat from, 214 
Electrolux, 346 

Electroplating, refrigeration in, 402 
Emissivity: 
functions. 165-166 
values, lo5-166 
Energy: 
equations: 
nonflow, 38, 40 
steady flow, 38-39 
flow, 35 
internal, 34 
kinetic, 33 
potential, 40 
Enthalpy: 
definition of, 34 

of air-vapor mixture, 177-179, 182, 
185, 484-486 (tables) 

Entropy, 35 
Enzymes, 430, 433-434 
Equilibrium diagram, ammonium sul¬ 
phate and ice, 366 (chart) 
Equivalent length of pipe fittings, 487 
(table) 

Ethane, applications to expansion valves, 
319 (chart) 

Ethyl-alcohol, refrigeration in manufac¬ 
ture of, 402 
Ethyl chloride, 83 
Ethylene, properties of, 472 (table) 
Ethylene glycol, as an absorbent, 356 
Eutectics, 100-101 
Evacuation of piping, 288 
Evaporation: 
process, 47, 58 

production of cold by, 369-371 
Evaporative condenser, 245-247, 411 
Evaporative cooling, 186, 409, 411 
Evaporator: 

circuit lengths, 255 (table), 256 
design, 236, 252, 258-256 
elementary, 17, 24, 28 
flooded, 20 

heat absorbed through, 68 
liquid chiller, 263 
multiple, control of, 329-330 
plates, 149, 163-164, 262, 436, 440- 
441 

-pressure regulator, 329 
selection, 264-268 


Evaporator (cant.): 
theory, 252 
types. 236 
Evers, C. F., 448 
Exhaust system, 221 
Expander, 25-27, 105 
Expansion: 
irreversible, 366 
isentropic, 365-366 
Joule-Thomson, 366 
process, 47, 59 
Expansion, pipe, 280 
Expansion engine, 105-106 
Expansion fits. 399 
Expansion turbine, 140 
Expansion valve: 

“mitomatic, 315, 317 
capillary tube, 322-324 
high-side float, 321-322 
low-side float, 320-321 
manual, 315 

multiple, 302, 307, 309, 312 
thermostatic, 316-319 
Explosive properties of refrigerants, 98 
(table) 

F 


Fahrenheit temperature scale, 361 
Fan, heat from, 228 (table) 

Fanning equation, 150, 151 

Farm freezer, 445-448 

Faust, F. H., 202 

Fenton, F., 448 

Ference, M., 385 

Film coefficient, 237, 244, 253 

Fink, H. L., 408 

Finned coil, 8, 244, 253-256, 259 
Fish, freezing, 433-434 
Fisher, J. T., 138, 146 
Fiske, D. L., 11, 12, 13, 15. 220 
Fittings, pipe, 277-280, 48/ (table) 

Fittz. R. U., 146 

Fixed points below oxygen point, 365 
(table) 

Flake-ice, 404-405 
Flash chamber, 110 
Flash intercoolers, 310-312, 383 
Flooded evaporators, 236, 263 
Flow: 

counter, 168 
forced, 149 
free, 149 
gravity, 149 
isothermal: 
streamline, 150 
turbulent, 151 
laminar, 149, 150 
natural. 149 
nonisotnermal: 
streamline, 150 
turbulent, 151 
parallel, 168 
straightline, 150 
streamline, 149-150 
supersonic, 149 
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Flow ( cord .): 
three-phase, 152 
turbulent, 149. 151, 161 
two-phase, 15 2 
viscous. 149-150 
Fluid cooling, 232 
Fluid flow, 149-153 
Fog, cause and clearing of, 187 
Fontana, M. G., 384 
Food preservation, 430-448 
Food products: 
freezing of, 217, 431-435 
processing of, 438 

properties of, thermal, 194-196 (table) 
regain, 413 

storage conditions for, 194-196 (table), 
266-267, 416-417, 435-436 
transportation of, 439-441 
Forced air cooler, 250-258 
Forced convection cooling, 267 
Forced flow, 149 
Fourier's equation, 154 
Fractional distillation, 360 
Freezer: 

domestic, 262, 445-448 
heat transfer m, 153-154 
Freezing: 
cabinet, 436 
food, 217, 431-435 
of body parts, 394 
of soil, 407 
room, 436 

temperature of products, 194-196 
(table) 

time for foods, 433 (table) 
water in pipes, 407 
Freon refrigerants: 
general, 80-82 
viscosity of, 478 (table) 

Freon-11: 

thermodynamic properties of, inside 
back cover (diagram) 

Freon-12: 

line size. 490-491 (tables) 
thermodynamic properties of, 464-471 
(tables), inside back cover (dia¬ 
gram) 

Freon-22: 

thermodynamic properties of, inside 
back cover (aiagram) 

Friction factor, 150-152 
Frozen food: 
cabinets, 444 - 44 5 
production, 14 
storage, 435 
Fruits: 

evolution of heat by, 218-219 (table) 
freezing of, 430-437 
moisture loss in storage, 220 (table) 
refrigerant temperature difference and 
air velocity for, 260-267 (table) 
storage conditions for, 194 (table) 

Fuel costs, comparative, 390 (chart) 
Fusion, latent heat of: 
definition of, 46 

for various foods, 194-196 (table) 


G 

Gages, air conditioning of, 418 
Gas: 

constant, 31 

equipment heat, 221-225 (table) 
refrigerator, 346-350 
Gases: 

ideal, 31, 173 

thermodynamic relationships of, 42-43, 
44 (table) 

Generator 27, 338-342, 348-349, 351 

Giauque, 360 

Glass: 

shading devices for, 212 (table) 
solar heat gain through, 210-211 
(tables) 

Goetz, A., 408 
Goff, J. A., 173, 189 
Goodman, W., 188-189 
Gorrie, J., 5, 394 

Grant, W. A., 202, 226, 229, 233, 272, 410, 
429 

Graphical representation, 36 
Grashof number, 160 
Gratch, S., 173, 189 
Gravity: 

coil, 4, 8, 149, 257-262, 266, 272 
flow, 149 
Gruneisen, 38 

Gum, air conditioning in manufacture of, 
416-417 

Gygax, E., 282-283, 294 
H 

Hainsworth, W. R., 343, 344, 358 

Hampson liquefaction system, 377-378 

Harris, P. M., 385 

Harrison, J., 5, 7 

Hawkins, G. A., 155, 170 

Hayner, G. A., 434 

Heat: 

content of air, 177-179, 182 
from appliances, 221-225 (table) 
flow through roofs, 205 (charts) 
flow through walls, 203-204, 206-207 
(charts) 

latent (see Latent heat) 
sensible (see Sensible heat) 
specific (see Specific heat) 
total of air, 178, 182 
Heat balance for cooling tower, 250 
Heat exchanger: 
capillary tube, 322-324 
double-pipe, 168 
gas, 30 
liquid, 30 

Heat pump, 116-119, 389-394, 429, 440 
coefficient of performance, 117 
comparative operating costs for various 
coefficients of performance, 390 
(chart) 

equipment, 391-394 
for truck refrigeration, 440 
heat sources, 117-118 
in residential units, 429 
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Heat transfer: 

and refrigeration, 153 

and turbulent flow, 161 

and unsteady flow, 155 

boiling coefficient, 164 

by conduction, 154-158 

by parallel conduction, 169 

by radiation, 165-166 

by series conduction, 169 

combined, 166-169 

condenser, 237, 241 (chart), 243-244 

condensing coefficient, 164 

effect on fluid flow, 151 

evaporator. 253-255 

from cylinders, 155, 163 

from spheres^ 163-166 

of gravity coil, 259 

of liquid chiller. 263 

of plates, 163. 262 

overall coefficient, 167, 203-204 (table), 
237, 241 
over tubes, 161 
three types of, 154 
through pipes, 155, 168 
through roofs. 205 (tables) 
through walls, 167, 203, 205-206 

(charts), 208 

Heat transmission, building, 203 

Heat treatment, refrigeration in, 398- 399 

Heating: 

and humidifying, 187 
costs. comparative, 390-391 (table) 
sensible, 186 
Helium: 

cryostat, 406 
solidification of, 370 
Helmholtz, 360 
Hendrickson, H. M., 294 
Hey land liquefaction system, 379 
High-side: 

equipment, 236 
float valve, 321-322 
High-pressure safety cutout, 326, 334 
History of refrigeration: 
nineteenth century, 4 
twentieth century, 11 
Hoge, H. J., 365 
Holbrook, S., 13, 15 
Hoiladay, W. L., 119, 407 
Holland, A. O., 240 
Home freezer, 445-448 
Hooding equipment, effect on cooling 
load, 221 
Horsepower: 

actual, per ton, 72 

per ton, variation with suction and dis¬ 
charge pressure, 286 (chart) 
theoretical, per ton, 69 
Hospitals, air conditioning of, 421-423 
Hot-gas defrosting, 269 
Hot-gas lines, sizing of, 284, 488-491 
(tables) 

Hotels, air conditioning of, 421-423 
Howard, H. I\, 394 

Human body, heat from, 213-216 (tables) 
Humidifying, 187, 410 


Humidity: 
absolute, 173-174 
control of, 172, 181, 358, 398, 416 
definition of, 172 

desired for product storage, 194-196 
(table) 

effect of, 172, 415 
ratio, 178-177, 181, 184 
recommended for refrigerator, 266 
relative, 173, 176, 181-182, 185 
specific, 174 

Hutchinson, F. W., 119, 313, 351, 353, 
358 

Hygroscopic materials, 411—415 

I 

Ice: 

ailotropic forms of, 370 (chart) 
artificial, manufacture of, 403-405 
dry, manufacture of, 380-384 
natural, 3 

Ice cream, manufacture of, 438 
Iced wet bulb, 183, 184 
Indirect refrigeration, 409-410 
Industrial air conditioning, 358, 411-419 
Infiltration: 

of air, 209, 212-214 (table) 
water vapor, 213 
Injector nozzle, 264 
Insulation: 

conductivity, 479 (table) 
economical thickness of, 156 
materials, 156, 479 (table) 
recommended thickness of, 208 (table) 
Insulators, heat, 155-156 
Intercoolers, 114, 137, 140, 310, 312 
International temperature scale, 364 
Inversion: 
point, 42 

temperature, 367-368, 367 (table) 
Irreversible expansion, 366 
Isentropic expansion, 365-366 


Jakob, M., 155, 170 
Jennings, fe. H., 429 
Johnston, H. L., 384 
Jordon, It. C., 170 

Joule’s free expansion experiment, 41 
Joule-Thorn son: 

coefficient, 42, 366-369 
effect, 41 

expansion, 360-366 

K 

“k” values, 157-158, 479 (table), 480 
(table), 486 (table) 

Kalustian, P., 112, 119 
Kunig, II. E., 186, 189 
Katz, D. L. f 243, 272 
Keenan, J. H., 48, 385 
Keesom, 370 
Keller, F., 399 


INDEX 


507 


Kelvin temperature scale, 301 
Kemler.E. N., 119, 407 
Keyes, F. G., 408 
Kiefer, P. F., 48 
KirchofTs law, 165 
Kirk. A., 5 

Kitcnen supply for air conditioning, 421 
Kratz, A. P., 240 

L 

Laboratories, air conditioning of, 418 
Lander, K. M., 170 
Latent heat: 

definition of, 191 

for cooling-load items, 202 

of fusion, 46 

of humans, 214-216, 215-216 (tables) 
of products, 194-196 (table), 217, 219- 
220 (table) 
of refrigerants, 90-91 
of sublimation, 46 
of vaporization, 46 
Leakage from air ducts, 227 
Lemon, H. B., 385 
Letter symbols. 451 
Lewis, S. R., 429 
Libraries, air conditioning of, 417 
Lichty, L. C.. 48 
Lights, heat load from, 214 
Linde liquefaction system, 377-378 
Liquefaction of air, 376-380 
Liquid chiller, 263 
Liquid gases, 360, 371 
Liquid lines, 281-282, 488r-491 (tables) 
Liquid-suction heat exchanger, 257, 281- 
282 

Lithium bromide as an absorbent, 356 

Lithium chloride as an absorbent, 356 

Locker plants, 390, 435-437 

Long, E. A., 385 

Long. L., 448 

Looping pipe, 284-286 

Lord, J. O., 385 

Lord Kelvin, 361, 390 

Low-humidity applications, 417 

Low-pressure air liquefaction, 379 

Low-side: 

equipment, 236 
float valves, 320-321 
Low-temperature refrigeration: 
applications of, 384 
piston displacement requirements for, 
373 (chart) 

power requirements for, 374 (chart) 
production by evaporation, 369-371 
production by expansion of gases, 365- 
369 

production by magnetic cooling, 371- 
372 

production by salt-ice mixtures, 364- 
365, 366 (chart) 

production bv vapor compression re¬ 
frigeration, 372-376 
Low-voltage cutoff, 334 
Lubricants, refrigeration, 134 


Lund. C. E., 234 
Lyopnilization, 407 

M 

MacDougall, F. M., 335 
Macintire, H. J., 119, 245, 272 
Mackey, C. O., 189 
Magnetic cooling, 371-372 
Magnetic stop valve, 327 
Marco, S. M.. 157-158, 161, 163, 170 
Markwood, W. H., 478 
McAdams, W. H., 151-152,155, 161, 170, 
237, 272 

McCoy, D. C., 434 
McGrath, W. L., 335 
Meats: 

freezing of, 430-437 
moisture loss in storage, 220 (table) 
refrigerant temperature difference and 
air velocity for, 266-267 (table) 
storage conditions for, 195 (table) 
Medical aid, refrigeration as a, 394 
Messinger. B. L., 139, 146 
Metal cooling, refrigeration in, 399 
Metalworking, air conditioning in, 418 
Meteorology, refrigeration applications 
in, 397 

Methyl chloride: 
as a refrigerant, 82 
line sizes, 489 (table) 
thermodynamic properties of, 456-463 
(tables) 

Methyl formate, 84 
Methylene chloride, 83 
Millar, R. W., 384 
Milton, R. M., 406, 408 
Mines, air conditioning of, 418 
Moist air properties, 484-486 (tables) 
Moisture regain, 412-415 (tables) 
Moisture removal, 287 
Monochlorodifluoromethane (Freon-22), 
80, inside back cover (diagram) 
Monochlorotrifluoromethane (Freon-13), 
80 

Moores, C. F.. 389 

Motors, heat trom, 220, 228 (table) 

Moyer, J. A., 146 

Multiple compressor systems, 308-312 
Multiple evaporator svstems, 299-313, 
329-330 

Multiple expansion valves, 302, 307, 309, 
312 

Multiroom buildings, air conditioning of, 
421-423 

Munters, C. ? 346 

Museums, air conditioning of, 417 
N 

Neoprene, refrigeration in manufacture 
of, 401 

Nernst heat theorem, 38 
Nielson, H. H., 385 
Night clubs, air conditioning of, 421 
Nitration, refrigeration in, 403 
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Noncondensible gases, 252 
Nulk, D. E., 385 
Nusselt number, 160, 161 
Nusselt, W., 159, 164, 237 

O 

Occupant heat, 213—216, 215-216 (tables) 
Odors, absorption of, 421 
Office buildings, air conditioning of, 421- 
423 

Ogden, F. F., 157 

effect, 96 
foaming, 135 
locking, 135 

pressure drop caused by, 282 
refining, refrigeration in, 399—401 
return, 274, 283 
separator, 334 
trapping, 283 
O'Leary, R. A., 5, 7, 15 
One-compressor systems, 300-303 
Onnes, K., 360 

Operating hours, compressor, 230 
Outside air, effect on cooling loads, 221, 
226 

P 

Packaging food, 434 
Packless valves, 291-292 
Palmatier. E. P., 185, 189 
Panel cooling, 2z7 ; 229 
Paper, air conditioning in handling of, 
412-116 

Paramagnetic salts, 371 
Penicillin, refrigeration in manufacture 
of, 407 

People, heat from, 213-216, 215-216 
(tables) 

Perfect gas: 

deviation from, 42, 363 
equation, 31-32, 42-44 (table), 173 
Perfume, refrigeration in manufacture of, 
403 

Perkins, J., 5 

Petroleum industry, refrigeration in, 
399-401 

Phillip, L. A., 335 
Pictet, 360 
Pipe: 

accessories, 290 
ammonia, 488 (table) 
brine, 289, 495 (charts) 
condenser, 240-241 
expansion, 280 
fittings, 277-280, 487 (table) 
friction, 280 

friction factors, 151-152 (chart) 
gravity coil, capacity of, 260 
joints, 277-280 
loops, 284-286 
materials, 274-277 
size, 274, 487 (table) 
sizing, 281-287, 488-491 (tables), 494- 
495 (charts) 


Pipe (coni .): 
specifications, 274-277 
supports, 280 
velocities, 274, 494 
water, 288, 494 (chart) 

Piping, 274-294 
Piping Code, 275-280 
Piston displacement: 
actual, 71 

requirements for low temperature 
refrigeration, 373 (chart) 
theoretical, 69 

for various refrigerants, 92 
Platen, B. v., 346 

Plates, refrigerated, 149, 163-164, 262, 
436, 440-441 

Plumbing, refrigeration in, 407 
Poiseuilms formula, 150 
Pollock, E. O., 433 
Ponds, cooling water, 247-248 
Porous plug experiment, 367 
Potter, li. H., §94, 408 
Prandtl number, 160-161 
Precooling, 410 

Prepackaged fresh produce, 437 
Preparation for freezing, 432-435 
Prescott, S. C., 430 
Preservation, food, 389, 430-448 
Pressure: 

critical, of refrigerants, 87-88 (table) 
evaporation and condenser, 84, 86 
exhaust, 62 
suction, 62 
vapor: 

in air, 174, 176, 181-182, 184 
over ice, 174, 183, 184 
over subcooled water, 174, 183-184 
over water, 174, 181-182 
Pressure drop: 

for streamline flow, 150 
for turbulent flow, 151-153 
refrigerant lines, 281-287, 48&-491 
(tables) 

water pipe, 494 (chart) 

Pressure motor control, 324-326 
Priester, G. B., 259 
Printing, air conditioning in, 415 
Processes: 

adiabatic saturation, 186 
air-vapor mixture, 186 
chemical dehumidifying, 187 
cooling and dehumidifying, 187 
evaporative cooling, 186 
free expansion, 43-44 
heating and humidifying, 187 
irreversible adiabatic, 43-44, 58 
isentropic, 43-44 
isobaric, 43-44 
isometric, 43-44 
isothermal, 43-44 
polytropic, 44 
reversible, 36 
sensible cooling, 186 
sensible heating, 186 
Processing food, 438 
Processing room, 436 
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Product, food: 
chilling, 215-220, 435 
freezing, 194-196 (table), 217, 430-436 
load. 215-220 

respiration, 217-220, 218-219 (table) 
storage conditions, 194-196 (table) 
Psyschrometer, 173, 179, 180, 183 
Psychrometric: 

chart, 179, 185, inside back cover 
definition of, 172 
Psychrometrics, 172-190 
Pump: 
brine, 290 
heat gain from, 229 
water, 290 

Q 

Quality: 

definition of, 45 

refrigerant, at end of expansion, 68 
R 

Raber, B. F., 119, 313, 351, 353, 358 
Radiation: 

heat transfer by, 165-166 
solar, 208, 212 (tables) 

Radio, bolometer as a, 406 
Railroad, refrigeration applied to, 424- 
425, 440 

Rainmaking, 397 
Rankine temperature scale, 361 
Raoult’s law, 337-338 
Rawhauser, C., 408 

Rayon, air conditioning in manufacture 
of, 412-415 

Reach-in refrigerators, 443 
Rectifier, 339-341, 349, 351 
Refrigerant: 

absorbent combinations, 341, 343 
air, 78 

ammonia ; properties of, 451-455 (table) 
carbon dioxide, 80, inside back cover 
(diagram) 

coefficient of performance for, 88-89 
(table) 

coil, temperature, 266-267 
common, 78 
comparison of, 84-101 
corrosive properties of, 93 (table) 
cost of, 87 

critical temperature and pressure, 87- 
88, 88 (table) 

Dichlorodi fluoromethane (F reon-12), 
properties of, 464-471, inside back 
cover (diagram) 

dielectric strength of, 93-94, 94 (table) 
effect on perishables, 99 
ethylene, properties of, 472 (table) 
explosive properties of, 98 
freezing temperatures of, 87-88, 88 
(table) 

Freons, 80 
halide, 81 

halogenated hydrocarbons, 83 
hydrocarbon, 83 


Refrigerant (coni.): 
latent heat of, 90-91 
leakage tendency of, 99 
methyl chloride, properties of, 456-463 
oil effect, 96 

physical and thermal properties of, 79 
(table) 

power requirements of, 88-89, 89 
(table) 

pressure-temperature relationships of, 
85 (chart) 
secondary, 22 
solvent, 343 

specific volume of, 90-92, 92 (table) 
stability and inertness of, 91 
steam, properties of, 473-475 (tables) 
sulfur dioxide, 82 

thermal conductivity of, 94, 96 (table) 
toxicity of, 96-97, 97 (table) 
vapor and liquid densities of, 89-90, 90 
(table) 

viscosity of, 94-95, 95 (table), 478 
(table), 492 (chart) 
water vapor, 82 

weight circulated, 69, 91 (table) 
Refrigerating effect, 68 
Refrigerating machine: 
early, 10 
rating of, 16 

Refrigerating Machinery Association, 11 
Refrigeration: 
applications, 14, 389-448 
cycles (see Cycles) 
early domestic, 12 
industry today, 13 
low-temperature, 360-386 
sales, 13 

systems, 16-30, 53-77, 104-121, 337- 
358 

vs. chemical dehumidification, 356-358 
Refrigerator: 
air velocity, 267 
coil location, 261 
domestic, 445-448 
heat absorbed from, 105 
load calculations, 230-232 
reach-in. 258, 261, 448-447 
unit cooler in, 258 
walk-in, 443-447 
Regain, 412—415 (table) 

Relief valve, 293, 334 
Residences, air conditioning in, 427-429 
Resorption system, 355 
Respiration of food products, 217-220, 
218-219 (table) 

Restaurant equipment, heat from, 222- 
225 (4able) 

Restaurants, air conditioning of, 421 
Return bend resistance, 253 (table) 
Reversed cycle refrigeration (Sec Heat 
pump) 

Reversibility, 36 
Reynolds, O., 149 

Reynolds’ number, 149, 151, 160-161, 284 
Roe, A., 402 
Rohsenow, W. M., 189 
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Roof heat gain, 205 (tables) 

Roof spray, 410 
Room cooler, 422, 423 
Room sensible-heat factor, 264-265, 268, 
356-358 

Rowley, F. B., 170, 234 
Rubin, T., 385 
Itumford, Count, 360 
Rushton, J. H., 379, 385 

S 

Safety code, 275 
Safety factor, 228, 230 
Salt crystallization, refrigeration in, 403 
Salt-ice mixtures, 364-366, 366 (chart) 
Saturated: 
liauid line, 45 
solid line, 46 

vapor curves for common refrigerants, 
63 (chart) 
vapor line, 45 
Saturated air: 

properties of, 484-486 (tables) 
Saturation: 
adiabatic, 186 
per cent, 173, 176, 181-182 
temperature, 176 
Scatchard, G., 344, 359 
Schaefer, V. J., 397 
Seabloom, E. li. ? 279, 294 
Self-contained air conditioner, 410, 420, 
422, 423 

Self-service refrigerators, 443-444 
Sensible cooling, 186 
Sensible heat: 
definition of, 191 
factor, 264-265, 268, 356-358 
from humans, 214-216 (tables) 
items in cooling load, 202 
ratio, 191, 264 
Sensible heating, 186 
Separator, 28-29 

Shaded walls, effect on cooling loads, 204 , 
Shading windows, effect on cooling loads, ! 
212 (table) 

Shell-and-coil condenser, 240-242 
Shell-and-coil cooler, 263 
Shell-and-tubc condenser, 241-244 
Shell-and-tube cooler, 263 
Shields, C. O., 189 
Ships, refrigerated cargo, 439 
Sight glasses, 292 

Sigma heat content, 178-179, 182, 185 
Silica aerogel, 157 
Silica gel, 356-357 

Skating rinks, refrigeration of, 404-405 
Sling psychrometer, 179 
Sloan, H., 15 
Smith, M. M., 119, 407 
Smoking, ventilation for, 226 (table) 
Snow, artificial, 397 
Sodium chloride brine: 
pipe friction, 495 (chart) 
thermodynamic properties of, 476 
(table) 


Sodium chloride brine (coni.): 

viscosity and density of, 492 (chart) 
Solar heat: 

through walls, 165, 206-207 (charts), 
422 

through windows, 208-212, 210-212 
(tables), 422 
Solder. 279-280 
Soldering, 279 
Solenoid valve, 327 
Sparks, N. R., 119, 385, 303, 313, 359 
Specialty stores, air conditioning of, 419 
Specific heat: 
equation, 38 

of food products, 194-196 (table) 
of refrigerant vapors, 70 (table) 

Specific volume of refrigerants, 90-92, 92 
(table) 

1 Spom, P., 408 
Spray: 

food freezing by, 431, 434 
ponds, 247-248 
towers, 248-250 
Staebler, L. A., 324, 335 
Stage compression, 372, 381 
Stahl, 361 

State, equation of, 32 
Static head, 282 
Static regain, 410 

Steam equipment, heat from, 221-225 
(table) 

Steam, properties of. 473-475 
Steam-jet refrigeration, 23-25, 110-114, 
141-143 

applications of, 141-143, 401 
equipment, 141-143 
refrigerating effect, 112 
svstem, elementary, 23-25 
thermodynamics of, 110-114 
weight motive steam required for, 112 
Stearin, refrigeration in processing of, 
403 

Steel: 

heat treating, refrigeration in, 397-399 
pipe, specifications, 275, 487 (table) 
Stefan-Boltzman law, 165 
Stewart, F. E., 240 
Stoever, H. J., 151, 170 
Stone, J. F., 156 

Storage conditions, food, 194-196 (table), 
416-417, 435, 436-437 
Storage, effect of on foods, 229 
Storage plant, cold, 436-437 
Stores, air conditioning of, 419-421 
Strainers, 291, 293 
Stratoehamber, refrigeration of, 395 
Stuart, M. C., 48 

Stvrene, refrigeration in manufacture of, 
401-402 
Subcooling, 60 

Subfreezing air conditions, 183, 484-486 
(tables) 

Substance, state of a, 32 
Suction lines, 282-284, 488-491 (tables) 
Suction pressure, effect of, 286 * 
Suction-pressure control valve, 328-329 
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Sugar fermentation, refrigeration applied 
in, 402 

Sulfur dioxide, 82 

Sun-exposed walls, 204, 206-207 (charts) 
Superconductivity, 364 
Superheat horn, 69, 63 
Superheating, 60 
Surface: 

coefficients, 167, 253 
temperature, 167 

Surgical aid, refrigeration as a, 394 
Swart, R. H., 323, 336 
Sweated joint. 279 

Synthetic rubber, refrigeration in manu¬ 
facture of, 399, 401-402 

T 

Tammann, G.. 45 

Tantalum in design of bolometer, 406 
Taverns, air conditioning of, 421 
Taylor, R. S., 341 
Teesdale, L. V., 234 
Temperature: 
coil, 266 

critical, 45, 87-88, 88 (table) 
daily variation of, 202 (table) 
design, 194-201 (table) 
dew point, 173, 175-176, 181 
drv-bulb, 172, 175 
effective, 192 (chart), 193 (table) 
freezing, of refrigerants, 87-88, 88 
(table) 

log mean, 168 

of adjoining spaces, 203-204 
refrigerant, recommended, 266-267 
rise m ducts, 227 (table) 
room, minus coil, 266-267 
saturation, 45, 85 (chart), 173, 176 
surface, 167, 170, 176 
triple-point, 45 
wet-bulb, 172, 175 
Temperature scales: 
absolute, 361 
Centigrade, 361 
Fahrenheit, 361 
fixed points for, 364-365 
International, 364 
Kelvin, 361 
Rankinc, 361 
thermodynamic, 360 
Test gages, 418 
Test pressures, 277-278 
Tetrafluoromethane (Freon-14), 80 
Textiles, air conditioning in manufacture i 
of, 412-415, 415 (table) ; 

Theaters, air conditioning of, 419, 423- ' 
424 
Thermal: 

bulb location, 284-285 
coefficient of cubical expansion, 163 
conductivity (see Conductivity) 
Thermocouple, 175, 181 
Thermodynamic: 
relationships: 
of gases, 42-43, 44 (table) 


Thermodynamic (coni.): 
of vapors, 43, 45-46 
temperature scale, 361-362 
Thermodynamics: 
first law of, 37 

of air-cycle refrigeration, 104-109 
of centrifugal refrigeration, 114-116 
of heat pump, 116-119 
of steam jet refrigeration, 110-114 
of vapor compression refrigeration, 53- 
77 

review of, 31-49 
second law of, 38 
third law of, 38 

Thermostatic expansion valve, 316-318 
Thermostatic motor control, 324-326 
Thermostat-solenoid combination, 330- 
331 

Thompson, B., 360 
Thomson, W., 361 

Throttling process, 62 (nee also Expansion 
process) 

Time, freezing, for foods, 433 (table) 

Ton of refrigeration, 17 
Ton-day of refrigeration, 17, 403 
Total heat of air, 178, 182 
Toxicity of refrigerants, 96-97, 97 (table) 
Trains, air conditioning and refrigeration 
applied to, 424-425, 440 
Transition point, 364-365, 365 (table) 
Transmission of heat: 

through roofs, 205 (charts) 
through walls, 205-206 (charts) 
Transmittance for structures, 204 (table) 
Transportation: 
of food, 439-441 
of people, 424-427 
Tressler, D. K., 448 

Trichloromonofluoromethane (Freon-11), 
80, inside back cover (diagram) 
Trichlorotrifluoroethnne (Freon-113), 80 
Triple-point, constants for, 367 (table) 
Trolleys, air conditioning of, 425-426 
Trucks, refrigeration of, 440 
Tubing specifications, 274-277, 275-276 
(tables) 

Tudor, F., 3 
Turbulent flow, 151 
Turnquist, C. H„ 146, 335 
Twining, A. C., 5 
Two-temperature valve, 328 

U 

Unit cooler, 256-258, 270-271, 436 
Usage heat load, 233 (table) 

V 

Vacuum pump, 288 
Valves: 

expansion (see Expansion valves) 
shutoff and relief, 290-293, 487 (table) 
van der Waal’s equation, 32 
Vapor compression cycle (see Cycle) 
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Vapors: 

definition of. 31 
properties ot, 46 

thermodynamic relationships for, 43, 
45-46 

vs. gases, 173 
Vegetable oils, 403 
Vc^ctftblBs * 

evolution of heat by, 218-220 (table) 
freezing of, 431-437 
refrigerant temperature difference and 
air velocity for, 266-267 (table) 
storage conditions for, 194-195 (table) 
Velocity: 

change, effect on flow, 280-281 
critical 149 

in refrigerant lines, 281-283, 286 
work done by change of, 33-34 
Venemann, H. G., 335 
Venetian blinds, effect on cooling load, 
212 

Ventilation: 

in air conditioning, 203, 209, 221, 226, 
422 


in refrigeration, 213^214 (table) 
requirements, 221, 226 
Vestibule, 272, 395 
Vibration eliminators, 292, 293 
Viscosity: 
of air, 486 (table) 
of Freon refrigerants, 478 (table) 
of refrigerants, 94-95 (table) 
units, 150 
Voorhees, G. T., 11 


W 

Walk-in refrigerators, 443-444 
Walls, heat transmission through, 203, 
206-207 

Water: 

condenser, 230-245 


Water (cant .): 
defrosting, 271 

flow, economical rate for condensers, 
244-246, 246 (chart) 
piping, 288, 494 (chart) 
properties of, 482-483 (table) 
tubing, 274-275 (tables) 

Water vapor: 
air mixtures, 173 
as a refrigerant, 80 
amount in air, 172 
barriers. 213 
infiltration of, 213 
pressure, 174 
Welding: 
pipe, 277 

refrigeration in, 399 
Well water, 409-411 
Westling, L. L., 448 
Wet-bulb: 

depression, 176, 179, 183 
subfreezing conditions, 183 
temperature, 172, 175, 178, 183, 411 
thermometer, 175, 179 
White. J. F., 157 
Wile, D. D., 185, 189 
Wilkes, G. B., 170 
Wilson, E. E., 237, 272 
Wilson, K. S., 282, 283, 294 
Wilson, M. J., 397 

Wind tunnels, refrigeration of, 396-397 
Windows: 

heat transfer through, 206, 210-211 
(tables) 

shading of, 212 (table) 

Wineries, refrigeration in, 439 
Woolrith, W. R., 15, 394, 408 

Z 

Zeemansky, M. W., 48 
Zoning for cooling loads, 209 
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